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Abstract
Post-starburst galaxies are a rare class of objects with unusual spectroscopic characteristics.
Previous studies have shown that the presence of strong Balmer absorption lines in the spectra
of these galaxies are consistent with a recent bust of star formation; however, the cause of such
events remains unclear. Their environment and disturbed morphology suggest that many of
them are likely remnants of gas-rich mergers of galaxies with comparable masses and models
of galaxy mergers support that claim; however, some studies disagree and the origin of these
curious systems remains an open debate. Post-starburst galaxies are also often regarded as
a plausible transition channel between the blue continuously star-forming and quiescent red
galaxies, commonly observed in the local Universe. This is supported by models of merger-
driven starbursts, which cause structural transformation of galaxies consistent with evolution
towards the red population, and can ultimately lead to quenching of star formation in the
merger remnant; however, observational evidence for this scenario remains elusive.
In my study I aimed to place further constraints on the role of galaxy mergers in trig-
gering starbursts in local galaxies and to investigate whether the post-starburst galaxies are
indeed in transition between the star-forming and passive phases of galaxy evolution, by the
analysis of the morphology and structure of galaxies with spectroscopic signatures of a re-
cent starburst. An important difference between this work and many previous studies is the
post-starburst sample selection. Traditionally, post-starburst galaxies are selected to have com-
pletely quenched their star-formation; here, I also considered those which show spectroscopic
sign of residual star-formation, selected using a method introduced by Wild et al. (2007). I
have also followed a different approach to quantifying the morphology of galaxies, by means
of an automated method for detecting visual post-merger signatures in galaxies, introduced as
a part of this work. My analysis suggests that major mergers play a significant role in inducing
starbursts in local Universe, but their significance declines as a function of the stellar mass of
the galaxies. I also found that post-starburst galaxies have different structural properties in the
low- and high-mass regimes and concluded that they are likely to be transitioning between the
blue and red galaxy populations through a multi-stage scenario where both major and minor
mergers are at play.
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‘If you want to build a ship,
don’t drum up people to collect wood and don’t assign them tasks and work,
but rather teach them to long for the endless immensity of the sea.’
- Antoine de Saint-Exupéry

To Richard.
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Galaxies in the Universe
Galaxies are among the most spectacular systems seen in the night sky, composed of mil-
lions of stars embedded in the interstellar medium. They serve as cosmic laboratories where
matter is being transformed through different phases during stellar life cycles and they are the
baryonic building blocks of our observable Universe.
1.1 A glance through the historical view of galaxies
Prior to the twentieth century, it was generally believed that all celestial objects visible in the
night sky are part of the Milky Way. What we recognise as distant galaxies today were essen-
tially thought to be nebulae residing within the Galaxy. However, this view began to change
with the building of the first refracting telescopes and their use for astronomical observations,
around the time when Galileo Galilei made his famous discoveries supporting the heliocen-
tric model of the Universe. The formulation of the laws of planetary motions by Johannes
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Kepler and the law of gravity by Isaac Newton, shed new light on the mechanics and nature
of the celestial objects. By the mid-eighteenth century Thomas Wright and Immanuel Kant
hypothesised that our Galaxy is a disk of stars held together by gravity, and proposed that the
same holds for the many nebulae seen in the sky, which Kant referred to as island universes.
These ideas were began to be tested observationally with the growing use of mirrors in re-
flecting telescopes and the advancements in the field of spectroscopy (through the works of
James Gregory, Isaac Newton, Joseph von Fraunhofer and others). Systematic observations
of the night sky by Charles Messier, William and Caroline Hershel and others gave rise to ex-
tensive catalogues (e.g. Messier 1781; Herschel 1786, 1789), which revealed differences in
the morphologies of the galactic nebulae residing within the arch of the Milky Way, and the
non-galactic nebulae lying away from the plane of our Galaxy. Following the construction of
the largest reflector to date, the observations by William Parsons, 3rd Earl of Rosse revealed
spiral patterns in some nebulae (cite Parsons 1845), and the development of astrophotography
towards the end of the nineteenth century lead to more detailed studies of the structure of
these extended sources (e.g. Keeler 1908). Spectroscopic observations of some spiral nebu-
lae revealed spectra resembling those found for single stars, suggesting that they are indeed
stellar systems not unlike the Milky Way (e.g. Scheiner 1899). Later advancements in astro-
nomical distance measurements (Leavitt & Pickering, 1912) as well as the pioneering work of
Vesto Slipher, who not only found a tendency for the nebulae to be receding from us but also
deduced that the Milky Way is itself in a motion as a whole, provided strong arguments for
some of the nebulae being truly extragalactic (Slipher, 1915, 1917).
Nevertheless, some still believed that the Universe was composed solely of the Milky Way
and observations such as that of the Nova 1885 in the Andromeda Nebula (Backhouse, 1888)
were considered as an argument for this hypothesis, as the high brightness of the nova was
thought to rule out the possibility of Andromeda lying outside the Galaxy. Disagreement
among astronomers about the origin of nebulae after culminated in 1920 during the Great
Debate - a discussion between Harlow Shapley and Heber Curtis concerning the nature of the
nebulae and consequently the size of the Universe, with Curtis speaking in favour of the exis-
tence of the island universes. The subject of the debate remained formally unresolved until the
work of Abbé Georger Lemaître, followed by that of Edwin Hubble, when their measurements
of distances and radial velocities of several galaxies lead to confirmation of their extragalactic
nature and the establishment of the Hubble’s Law (Lemaître 1927; Hubble 1929, see also van
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Figure 1.1: SDSS composite false-colour images of galaxies that represent different morpholog-
ical classes within the Hubble’s classification scheme. Credit: Michael Blanton (New York Uni-
versity), Astrophysics Research Consortium (ARC) and the Sloan Digital Sky Survey Collaboration,
http://www.sdss.org. Figure retrieved from http://www.ifa.hawaii.edu/∼barnes/ast110_06.
den Bergh 2011).
About the same time, the first morphological classification scheme of galaxies (at the time
still known as extra-galactic nebulae) emerged and distinguished between early-type ellipticals
(E) with a range of projected shapes and late-type spirals (S) with distinguishable components,
including a bulge and a disk, and often a centrally-located bar (SB). The classification scheme
also included a class of less common irregular galaxies (Irr) and correctly predicted a class
of lenticular galaxies (S0) hosting a bulge and a disk but no spiral structure (Hubble, 1926,
1936). Examples of the different morphological classes are presented in Figure 1.1. More
detailed classification schemes, including modifications of that introduced by Hubble, have
been introduced in the following years (e.g. Vaucouleurs 1959; van den Bergh 1960, 1976,
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or Elmegreen & Elmegreen 1987), many of which place the S0 class as a sequence of galaxies
with varying bulge size, parallel to S and SB. A detailed discussion on the subject of galaxy
morphological classification can be found in Buta (2011). Through help of members of the
public in The Galaxy Zoo Project (e.g. Lintott et al. 2008, 2011), the number of visually
classified galaxies has reached a million of galaxies and is still growing.
Rapid technological advancements of the past century have facilitated methods of extra-
galactic studies going beyond the visual approach. Today, we have access to multifrequency
photometric and spectroscopic data acquired with powerful telescopes, both ground-based
and in space, and through extensive galaxy surveys, e.g. Sloan Digital Sky Survey (SDSS, York
et al. 2000), Galaxy And Mass Assembly (GAMA, Driver et al. 2009), which allow for a system-
atic study of various properties of galaxies (for example: size, structure, mass, star-formation
history, metallicity, age of the stellar populations) as well as their dynamics, interactions and
their distribution across the Universe at different cosmological epochs (see e.g. the reviews
by Blanton & Moustakas 2009; Dunlop 2013; Conselice 2014). The development of integral
field spectroscopy and of instruments, such as e.g. SAURON (Bacon et al., 2001) or MUSE
(Henault et al., 2003), has opened a door for detailed studies of the distribution, proper-
ties and dynamics of stars and the interstellar medium within galaxies. Galaxy classification
schemes have evolved beyond those based on visual characteristics and include properties
like structure, stellar mass, star-formation history or kinematics. Examples include the works
by: Kauffmann et al. (2003b), who distinguished between low- and high-mass galaxies, and
showed that the latter tend to have higher central light concentration and surface mass den-
sity and older stellar populations than the former, which in turn are more likely to be highly
star-forming; Conselice (2003), who related the stelar light distribution of galaxies to their
star formation histories through the CAS volume (concentration, asymmetry and ‘clumpiness’,
see Chapter 2 for definitions); Lotz et al. (2004), who used a measure of inequality of the
light distribution together with a statistics measuring the moment of light to distinguish be-
tween early- and late-type galaxies as well as ongoing mergers; or Cappellari et al. (2011b),
who combined kinematical and morphological properties of galaxies to transform the Hubble’s
tuning fork scheme into a comb diagram with early-types on the handle, classified according
to their rotation, and the late-types placed on the comb’s teeth (Figure 1.2).
The properties of the local galaxy populations are now well established (see further, Sec-
tion 1.2); however, our understanding of the physical processes shaping these properties is still
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Figure 1.2: A schematic representation of the comb diagram from Cappellari et al. (2011b) with galax-
ies being classified by their intrinsic properties. Apart from the early-type galaxies, including slow (E0-
E4) and fast (E5-S0c) rotators, and late-type spiral galaxies (S), a class of anaemic spirals (Aa-Ac),
introduced by van den Bergh (1976) is also shown. This class represents the transition objects between
the traditional spiral galaxies, with prominent spiral structure, and the fast rotators with no visually
observable spiral arms. The slow and fast rotators are viewed edge on for clarity.
incomplete. Theoretical studies aided with high computational power have made significant
progress in reproducing some of the observables, which have given us insight into how the
galaxies we see today assembled and what evolutionary pathways they have followed. Many
questions, however, remain unanswered. While a number of cosmological models have suc-
ceeded at qualitatively predicting the observations, such as the local stellar mass function of
galaxies 1, the relation between the stellar mass and star-formation rate, the existence of early
and late morphological types or trends of the fraction of star-forming and quiescent galaxies
as a function of the stellar mass, quantitative agreement between models and observations is
yet to be achieved (see e.g. the review by Somerville & Davé 2015).
1.2 Cosmic time evolution of the observed galaxy properties
As revealed in many studies, local galaxies can be separated into two notably different types,
populating distinct regions in the colour-magnitude or colour-mass diagrams, often referred
to as the blue cloud and the red sequence. The distribution is strongly bimodal, with a scarcely
populated intermediate region, often referred to as the ‘green valley’. Galaxies occupying the
blue cloud tend to be of late morphological type featuring a rotating disc and a more or less
prominent bulge and spiral arms, and they have notably bluer colours than the galaxies popu-
1The number density of galaxies per logarithmic mass bin.
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lating the red sequence, which in turn tend to have redder colours and morphologies of earlier
type, characteristic of both ellipticals and lenticulars (e.g. Strateva et al. 2001; Baldry et al.
2004). However, it should be noted that a population of ‘blue ellipticals’ and ‘red spirals’ has
also been observed (see e.g. Schawinski et al. 2009; Masters et al. 2010). The bimodality
in galaxy properties is illustrated in Figure 1.3. The blue galaxies are generally gas-rich sys-
tems with ongoing star formation and they dominate the low-mass population, while those
found on the red-sequence tend to have little or no gas reservoirs and therefore, no means
of star formation, and are favoured at higher masses (e.g. Kauffmann et al. 2003a; Bundy
et al. 2005; Schawinski et al. 2014). Kauffmann et al. (2003b) found two distinct families
separated at M ∼ 3 × 1010M, with the low-mass galaxies characterised by younger stellar
populations, lower surface-mass densities and lower central concentration of light than the
high-mass galaxies, and a study by Gallazzi et al. (2005) revealed that higher-mass galaxies
tend to be more metal-rich. There is also a tendency for the local disk-dominated star-forming
galaxies to be found in lower-density regions, compared with the quenched early-type galaxies
(morphology-density relation, Oemler 1974, Dressler 1980). Finally, the different galaxy types
also show differences in their kinematics. The baryonic matter within star-forming disk galax-
ies residing in the blue cloud is dominated by ordered rotation; however the situation becomes
more complicated when considering the red sequence, where observations reveal a a range of
kinematical properties. Recent results of the ATLAS3D project (Cappellari et al., 2011a) have
shown that local early-type galaxies (including morphological E and S0 classes) can be split
into slow and fast rotators, with the latter in significant dominance (Emsellem et al. 2011).
Intuitively, this should translate to the morphological classification with slow and fast rotators
having elliptical and lenticular characteristics, respectively; however, the in reality the picture
is more complicated. Generally, the slow rotators are associated with elliptical morphological
type; however the opposite is not true: e.g. only 1/3 of ellipticals in the ATLAS3D sample are
slow rotators, with the remaining 2/3 comprising a fifth of the population of the population
of the fast rotators (Emsellem et al., 2011).
This bimodal behaviour of galaxy properties is also seen at higher redshifts (e.g. Williams
et al. 2009, Brammer et al. 2011); however, a different relative number density of the dom-
inant galaxy types is observed. Bundy et al. 2005 found that while the high-mass end of the
local galaxy stellar mass function is clearly dominated by early-type galaxies, their prevalence
decreases with redshift, such that at z ∼ 1 the late galaxy types become dominant in the high
6
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Figure 1.3: Left: the u− r colour-mass diagram for a sample of SDSS galaxies with 0.02 < z < 0.05
and Mz < −19.5, illustrating the bimodal distribution of their properties, with a well defined green
valley. When classified into early and late types (right), most of the former occupy the red sequence,
and the latter tend to lie within the blue-cloud, however, with small numbers of blue early-type and
red late-type galaxies (discussed in Schawinski et al. 2009; Masters et al. 2010). The contours on this
figure are linear and scaled to the highest value in each panel. Figure obtained from Schawinski et al.
2014.
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Figure 1.4: Evolution in the number density of all (black), quiescent (red) and star-forming (blue)
galaxies in different mass regimes, illustrating the build up of the low-mass red population at late
cosmic epochs. The error bars shown relate to the quadrature sum of the Poisson and sample variance
uncertainties in each redshift interval; lower limits on the number density are denoted using upward-
pointing arrows. The lines show weighted linear least-squares fits to the data and the shaded regions,
the 1σ range of power-law fits drawn from the full covariance matrix. The main trends to note are: 1)
an increase in the number density of low-mass quiescent galaxies since z ∼ 0.5 (by a factor of∼2-3) and
a nearly constant density of low-mass star-forming galaxies over the same redshift range; 2) a decline
in the number density of the high-mass star-forming galaxies, accompanied by a small increase in the
density of the quiescent galaxies, since z ∼ 1. Figure obtained from Moustakas et al. (2013).
mass regime. Furthermore, the population of low-mass early-type galaxies grows with time as
the cross-over between the dominant populations of early- and late-type galaxies shifts toward
2−3×1010M with decreasing redshift. A similar trend is found when considering quiescent
galaxies, which dominate the high-mass end of the local galaxy stellar mass function but be-
come relatively less common at earlier epochs, e.g. Williams et al. 2009 found that at z = 1−2,
the massive galaxies are divided roughly equally between star-forming and quiescent galaxies,
and Muzzin et al. (2013) showed that at z > 2.5 the star-forming galaxies dominate the stellar
mass function in all mass regimes.
Stellar mass function of galaxies in four redshift bins in the interval 0.2 < z < 1.0. The
mass function of passive galaxies is marked in red, that of star-forming galaxies in blue, and
that of all galaxies in black. Data points below the mass completeness limits are denoted by
colored open symbols. The uncertainty in the mass function due to Poissonian errors in the
counts as well as the uncertainty propagated through photometric redshifts (see the text) is
8
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Figure 1.5: Stellar mass functions of galaxies at 0.2 < z < 1.0, illustrating the build-up of the low-
mass end of the red sequence at late cosmic epochs. The mass function of quiescent galaxies is shown
in red, that of star-forming galaxies in blue, and that of all galaxies in black. Coloured open symbols
correspond to data points below the mass completeness limits. The uncertainty in the mass function
is shown as shaded regions (Poissonian errors in the counts as well as the uncertainty propagated
through photometric redshifts). The solid lines show double Schechter function fits to the data and the
thin dashed lines show the individual bright and faint components of the double Schechter functions.
Figure obtained from Drory et al. (2009).
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shown as shaded regions. Data from the FORS Deep Field (Drory et al. 2005) are shown as
small black open squares at z = 0.5 for comparison. The solid lines show double Schechter
function fits to the data (Equation (1)). The thin dashed lines show the individual bright and
faint components of the double Schechter functions.
The overall stellar mass density in galaxies has been growing over cosmic time: it raised
by a factor of ∼ 10 between z ∼ 2− 3 and z = 0 with about 50%− 75% of the present-day
stellar mass density formed before z ∼ 1 (Dickinson et al., 2003). The number density of
massive galaxies has increased rapidly between z ∼ 4 and z ∼ 2 but since then it has remained
nearly constant, while the number density of low-mass galaxies has increased between z ∼ 2
and z ∼ 1 more rapidly than that of the massive systems (Marchesini et al. 2009; Moustakas
et al. 2013; Muzzin et al. 2013). This points to a ‘stellar mass downsizing’ scenario (Cimatti
et al. 2006) in which massive galaxies have assembled earlier than those with lower-masses.
In terms of the type-dependent mass growth, the trends found for the star-forming and qui-
escent galaxy populations are generally in contrast with one another. Although there is some
inconsistency between the results reported by different studies on the evolution of the galaxy
stellar mass function, generally they suggest that since z ∼ 1 most of the mass growth has been
dominated by the quiescent galaxies, particularly in the low-mass regime (see e.g. Bell et al.
2004; Arnouts et al. 2007; Faber et al. 2007; Muzzin et al. 2013; Moustakas et al. 2013 but
note the contradictory conclusion by Ilbert et al. 2013.) This growth is illustrated in Figures
1.4 and 1.5, which show the evolution of the number density of the star-forming and passively-
evolving galaxies as well as their mass functions at 0< z < 1. The total mass contained within
the red-sequence has roughly doubled since z ∼ 1 (Bell et al., 2004) and increased by ∼ 10
since z ∼ 2 while the mass density of the blue cloud has remained nearly constant (Brammer
et al., 2011). This build up of the mass of the red sequence with respect to that of the blue
cloud, as well as the strongly bimodal distribution of local galaxies in the colour-magnitude
diagrams suggests that the blue galaxies must migrate over to the red sequence and, given the
dearth of the intermediate-in-colour green-valley galaxies, one should expect the transition to
be a rapid process. This evolutionary scenario has been widely considered in recent studies
(e.g. Arnouts et al. 2007; Faber et al. 2007; Kaviraj et al. 2007; Martin et al. 2007; Schawinski
et al. 2007; Wild et al. 2009; Yesuf et al. 2014).
10
1.3. Pathways to the red sequence
1.3 Pathways to the red sequence
The migration of galaxies onto the red sequence implies a rapid change of colour, which, in
the absence of dust, is a consequence of the ageing of their stellar populations. In order for
that to happen, some star formation quenching mechanism is required. As shown by e.g.
Poggianti et al. (1999) in their study of recently quenched cluster galaxies at z ∼ 0.4, the
g-r reddening of stellar populations ∼ 1− 2 Gyr after star formation has stopped is sufficient
for galaxies to move off the blue cloud and reach the red sequence. However, in order for
them to remain within it they must be prevented from returning to the star-forming mode and
indefinitely remain in passive evolution. A variety of such permanent quenching mechanisms
have been proposed. Some involve altering the gas properties within the galaxy to create
conditions unsuitable for active star formation (e.g. heating, stabilisation against collapse),
others rely on the gas supply being completely used up and/or expelled from the galaxy (e.g.
Di Matteo et al. 2005; Dekel & Birnboim 2006; Hopkins et al. 2006; Somerville et al. 2008;
Johansson et al. 2009; Martig et al. 2009). Generally, these quenching mechanisms can be
classified by their characteristic timescales. The slow mode - involves a gradual (1 Gyr) fading
of star-formation in a galaxy as its gas supply is being used up (e.g. Noeske et al. 2007a,b).
External mechanisms, like ram pressure stripping of the hot gas component in high-density
environments may also lead to a slow quenching of their star formation through strangulation
(Gunn & Gott, 1972; Larson et al., 1980; Balogh & Morris, 2000; van den Bosch et al., 2008).
The fast mode is associated with violent dynamical processes, for example, ram pressure
stripping of the galaxy’s cold gas component upon its encounter with a cluster (see e.g Gunn &
Gott 1972; Steinhauser et al. 2016) or, in lower-density environments, a rapid gas exhaustion
during a merger-induced burst of star formation followed by heating up or removal of the
remaining gas residual by stellar or AGN feedback (e.g. Sanders et al. 1988; Hopkins et al.
2006). In this work, I focus on the latter.
It has been shown in simulations that when two gas-rich galaxies of comparable masses
collide, the gravitational torques induced by the interaction deposit cold gas in the centre of
the remnant and produce a centrally-concentrated burst of star formation (Barnes & Hernquist
1991, 1996; Mihos & Hernquist 1996; Cox et al. 2008). In the simulations, the timing and
strength of the resulting starburst appears to be related to the structure of the interacting
galaxies. Galaxies with bulges experience strongest gas inflows leading to intense bursts at the
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final coalescence stage: the star-formation rate peaks at ∼ 70 times the rate before interaction
and the burst is sustained for ∼ 50 Myr. In comparison, the bursts in bulge-less systems are
weaker and less instantaneous (with star-formation rate increased by 20-30 times at the peak
of the burst, and notable increase sustained for about 150 Myr) and they occur shortly after
the initial encounter of the galaxies. In general, the models predict the strongest starbursts in
coplanar galaxy mergers, while those in inclined encounters are weaker and slightly delayed
(Mihos & Hernquist 1996). Generally, the simulations invoke some feedback mechanism, often
due to AGN, to expel or heat up the remaining gas and prevent the remnant from returning to
the star-forming state (Springel et al. 2005; Di Matteo et al. 2005; Kaviraj et al. 2007; Hopkins
et al. 2007; Khalatyan et al. 2008). However, there is no direct observational evidence for such
scenario.
Apart from providing an efficient quenching mechanism, the merger scenario can also,
to some extent, explain the bimodality in the structural and kinematical properties of local
galaxies. Models of gas-rich mergers of galaxies with comparable masses have demonstrated
that during these dynamically hot episodes the late-type rotation-dominated galaxies can be
transformed into centrally concentrated spheroids with dynamics governed by random motions
(Toomre & Toomre 1972; Barnes 1988; Naab & Burkert 2003). Such dramatic change in galaxy
properties can not be expected to arise solely from secular (slow) evolution of disk galaxies,
which leads to red disks devoid of spiral structures but does not alter the global dynamics
or create a highly-concentrated bulge. In this case the end evolutionary state is likely to have
characteristics of a lenticular and spheroidal galaxies, which are commonly found on the lower-
mass end of the red sequence (see e.g. Marinoni et al. 1999). While some models suggest that
secular evolution can lead to bulge growth through disk instabilities (see e.g. Elmegreen et al.
2008), some argue that such processes tend to lead to formation of pseudo-bulges, with lower
central concentration than the classical bulges seen in elliptical galaxies, whose formation
they attribute to major mergers (see e.g. Inoue & Saitoh 2012; Tonini et al. 2016). If that
is the case, given that the blue galaxies at earlier epochs are predominantly disk-dominated
(e.g. Bell et al. 2004), violent mechanisms like major mergers are required to produce the
local population of massive red-sequence galaxies. It is important to stress that some studies
argue that gas-rich mergers alone are not sufficient to explain the whole population of red-
sequence galaxies, composed of S0 and E morphological types, and of fast and slow rotators
(ATLAS3D results, e.g. Cappellari et al. 2011a; Emsellem et al. 2011) and that mergers of gas-
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poor galaxies within the red sequence itself are required for the formation of the most massive
slowly-rotating ellipticals. Some models show that mergers of blue gas-rich galaxies may result
in a remnant with a disk component dominated by rotation (for unequal-mass progenitors),
and, as seen by studies (see e.g. Bournaud et al. 2005). On the other hand, gas-poor mergers
have been shown to lead to formation of an elliptical galaxy, with stellar orbits characterised
by high velocity dispersion (as shown by e.g. Naab & Burkert 2003; Cox et al. 2006). However,
the focus of this work is solely on the ‘wet mergers’ of gas rich star-forming galaxies.
Observationally, many attempts have been made to measure the frequency of occurrence
of galaxy mergers and its evolution with cosmic time (e.g Patton et al. 2002; de Ravel et al.
2009; Lotz et al. 2011). However, constraining the role of mergers in galaxy evolution is chal-
lenging because their visual signatures vary with the merger stage, and their prominence and
timescales are highly dependant on the initial conditions and geometry of the interaction (Lotz
et al., 2008). However, as mentioned previously, mergers of gas-rich galaxies with comparable
masses are capable of inducing strong bursts of star formation in their centre. Therefore, an-
other way of studying the significance of gas-rich major mergers on the progression of galaxies
onto the red sequence is through identifying galaxies in the transition phase with spectroscopic
signatures of a recent centralised starburst.
1.4 (Post-)starburst galaxies - a transitioning population?
In the early 1980s, observational studies of distant galaxy clusters reported the existence of
galaxies with unusual spectral properties, including very strong Balmer lines in absorption -
an attribute of A-type stars (Dressler & Gunn, 1983; Couch & Sharples, 1987). An example
spectrum of a post-starburst galaxy (‘k+a’) is shown in Figure 1.6, where it is compared with
spectra characteristic of galaxies with various star-formation histories. Such strong Balmer
features in absorption are thought to be a signature of recent truncation of the star-formation
activity in galaxies and the subsequent changes in their stellar populations: following the shut
off of the star formation, the short-lived O/B stars are the first to evolve off the main-sequence,
leaving the A-type stars as the dominant population just after ∼ 107 yrs. The truncation of
the star-formation can occur following either a short burst (Dressler & Gunn, 1983; Nolan
et al., 2007) or normal-mode star formation activity within a galaxy (Poggianti et al., 1999).
Alternatively, such signatures could be a result of the obscuration of light from young and
massive stars by dust (e.g Poggianti & Wu 2000). Distinguishing between these effects is
13
Chapter 1. Galaxies in the Universe
Figure 1.6: Composite spectra characteristic of post-starburst galaxies (k+a) compared with other
galaxy types, classified by Poggianti et al. (2009): k -passively evolving, e(c) - star-forming, e(b) -
starburst and e(a), e(a)+ - dust-obscured starburst. The main lines of interest are [OII]3727, Hδ4101,
Hε3970, Hζ3889, Hη3835, and Hθ3798. Figure obtained from Poggianti et al. (2009).
challenging; however, careful modelling shows that very strong Balmer lines are inconsistent
with anything other than a recent burst followed by quenching of the star formation (Balogh
et al., 2005; Wild et al., 2007; von der Linden et al., 2010), which makes the post-starburst
galaxies a plausible candidate for the transitioning population between the blue cloud and the
red sequence, through the fast quenching channel, involving gas-rich galaxy mergers.
1.4.1 Evidence of a merger origin
Ever since their first discovery, galaxies with such features, often referred to as ‘post-starburst’
or ‘k+a’ galaxies, have been found to reside in various regions of the Universe with much
higher frequency of occurrence at higher redshift: e.g. Wild et al. (2009) found a 230 times
higher mass density of galaxies with strong post-starburst signatures at z ∼ 0.7, compared
with z ∼ 0.07. Locally, they are rare in all types of environment, but as clusters are less
frequent, the post-starburst galaxies are found mainly the field and poor groups (Zabludoff
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et al., 1996; Blake et al., 2004). The environment of many of the local post-starburst galaxies
speaks in favour of them having originated in a merger event as poor groups are the most likely
environments for mergers due to lower velocity dispersions than clusters and higher galaxy
densities than the field (Zabludoff et al., 1996). Similarly, Goto (2005) concluded that the post-
starburst spectroscopic signatures are likely to be created in dynamical galaxy interactions on
a < 100 kpc scale, rather than being created by cluster-related phenomena, and a possible
merger origin was also implied in studies by Quintero et al. (2004) and Balogh et al. (2005).
A connection with galaxy mergers has also been found through morphological analysis, as
clear signs of disturbance have been found in many galaxies with post-starburst spectroscopic
characteristics: Zabludoff et al. (1996) detected clear tidal features in ∼ 25% of their sample,
Goto (2005) found such features in ∼ 30%, and notable fractions were also reported by other
studies (e.g Blake et al. 2004; Yang et al. 2008). Finally, recent studies using integral field
spectroscopy revealed centrally concentrated Balmer line gradients in post-starburst galaxies,
implying that there are significant ∼ 1Gyr-old stellar populations residing in their centres,
which also points to a recent major merger (Pracy et al. 2009, 2013).
The fact that not all post-starburst galaxies show signs of a past merger may either point
to other triggering mechanisms, e.g. cold gas accretion from the IGM (e.g. Silk et al. 1987),
density waves and bar-induced gas inflows (Hunter & Elmegreen 2004), torques due to mas-
sive star-forming clumps (Elmegreen et al. 2012), processes related to the dark matter haloes
(Bekki & Freeman 2002) or it could simply be a consequence of some merger signatures being
undetected, which, given their short timescales and dependence on the geometry of the inter-
action (Lotz et al. 2008), is not unexpected. Nonetheless, the findings reported by some other
studies speak against the merger origin of post-starburst galaxies more directly. The redshift
evolution of the post-starburst number density found by Wild et al. (2009) is ∼ 100 times
that of the major-merger rate estimated by de Ravel et al. (2009). Furthermore, Dressler et al.
(2013) argued that the relative incidence of starburst, post-starburst, passive and star-forming
galaxies found in five rich clusters suggests that less disruptive events, like minor mergers and
accretion, are at play. This is, to some extent, also supported by the results of Pracy et al.
2009, 2013 who found a high fraction of fast rotators among post-starburst galaxies, and the
probability of mergers resulting in such fast rotating systems has been shown to increase with
increasing mass ratio of the progenitors (see e.g. Bournaud et al. 2005). The exact role of
galaxy mergers in the origin of the post-starburst galaxies remains unclear.
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1.4.2 Evidence for evolution toward red sequence
The idea of post-starburst galaxies representing a link between the star-forming and passive
phases of galaxy evolution is supported by results of many studies, which found that the mor-
phological and structural properties of those in which the star-formation has completely shut
off are intermediate between the blue and red galaxy populations, and in many cases show
greater similarities with the latter. When visually inspected, they generally bear resemblance
to early-type galaxies (Blake et al. 2004, Mendel et al. 2013) or have intermediate morpholo-
gies, as found for example by Wong et al. (2012) using classifications from The Galaxy Zoo
(Lintott et al. 2008, 2011). Structural analysis of post-starburst galaxies often reveals a con-
nection with the red sequence: Tran et al. (2004) concluded that they are more likely to be
bulge-dominated than an average field galaxy, Goto (2005) showed that they tend to have
high central concentration, comparable with that measured for the early-type galaxies, Wong
et al. (2012) found their structural morphology defined by the SDSS fracdev parameter2 to be
very similar to that found for low-mass red-sequence galaxies and the study by Mendel et al.
(2013) revealed that the values of their Sérsic index point to lack of a disk-like structure. Ver-
gani et al. (2010) found that post-starburst galaxies at 0.5< z < 1.0 have intermediate values
of the structural asymmetry and concentration parameters, between those usually measured
for the blue and red populations, however the frequency of distribution of their concentration
indices resembles that of the red-sequence galaxies (similar early-to-late type ratio). Interme-
diate morphological characteristics were also found by Poggianti et al. (2009) in their study of
post-starburst galaxies at 0.4< z < 0.8; however, with a high incidence of early disks. Further
signs of the evolution of post-starburst galaxies toward the red sequence lie in their measured
incidence at higher redshift. Wild et al. 2009 found that galaxies passing through the post-
starburst phase could be responsible for at least 40% of the mass growth of the red sequence
at 0.5< z < 1 and Barro et al. (2013) concluded that the majority of compact massive galaxies
that evolve passively at ∼ 2 are likely to be descendants of compact galaxies that have rapidly
quenched their star-formation.
The fate of post-starburst galaxies is, however, still under debate. Some studies have re-
ported a high frequency of occurrence of disks in their samples of galaxies with post-starburst
2describing the fraction of the total galaxy light fit by the de Vaucouleurs profile (with the total light being repre-
sented by the model magnitude, computed from a linear combination of de Vaucouleurs and exponential fits to
galaxy light profiles).
16
1.4. (Post-)starburst galaxies - a transitioning population?
spectroscopic characteristics (e.g. Caldwell & Rose 1997, Dressler et al. 1999) and a detailed
study of the kinematics of a post-starburst galaxy in Abell 665 by Franx (1993) revealed the
presence of a rotating disk and the author concluded that the galaxy is likely evolving toward
a spiral or lenticular galaxy. A similar conclusion emerges from integral field spectroscopy
studies by e.g. Pracy et al. (2009, 2013), who found that post-starburst galaxies often show
dynamics characteristic of fast rotators. De Lucia et al. (2009) and Dressler et al. (2013) found
that the incidence of the post-starburst galaxies at 0.5 < z < 1 is inconsistent with a major
channel for the red sequence growth in clusters. Moreover, recent studies of the gas content of
local galaxies with post-starburst spectroscopic signatures have revealed substantial gas reser-
voirs in these systems, that persist for up to 0.5-1 billion years after the starburst, suggesting
a non-quenched state (Zwaan et al. 2013; Rowlands et al. 2015; French et al. 2015). The
contradictory conclusions of the different studies may partially have resulted from their dif-
fering selection techniques used to identify post-starburst signatures in galaxies, as well as the
different environments and redshifts that each study focuses on.
1.4.3 Identifying galaxies in the (post-)starburst phase
Post-starburst galaxies can be identified through the analysis of their spectral energy distri-
bution. Soon after the starburst, the balance of light within the galaxy will change as the
short-lived (∼ 107 yr) O/B stars move off the main sequence and the A stars, with somewhat
longer lifetimes (108 − 109 yr) become the new dominant population. Strong Balmer lines in
absorption, as an attribute of A stars3 , contain information about the relative abundance of
a galaxy in the O/B and A stars in a galaxy, and, consequently, they can be interpreted as a
signature of a recent burst of star formation. Apart from the absorption features, the selection
of post-starburst galaxies also usually involves analysis of their emission lines, which appear
in galaxy spectra due to ionisation (and subsequent recombination) of the interstellar medium
by the energetic photons from the newborn massive O and B stars (or AGN). Placing a cut on
the nebular emission lines is done to ensure that that the star formation has completely shut
off after the burst. The commonly chosen absorption and emission line cuts are, for example:
Hδ EW > 4.0Å (equivalent width) in absorption and [OII] EW< 2.5Å and Hα EW< 0.3 in
emission (Goto et al. 2008) or Hδ EW > 3.0Å and [OII] EW< 5Å (Poggianti et al. 2009). As
starburst episodes are not instantaneous but rather have a decay time of ∼ 0.3 Gyr (Barton
3There are also Balmer absorption lines in the spectra of O and B stars; however not as strong as those characteristic
of A stars.
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et al. 2000; Hopkins & Hernquist 2010; Wild et al. 2010), these selection criteria lead to old
post-starburst galaxies, in which the star-formation has completely quenched. Furthermore,
the emission line cut also removes galaxies that host narrow-line AGN, and as such nuclear ac-
tivity is found in post-starburst galaxies more often than in galaxies with other star-formation
histories, this may lead to incomplete samples (e.g Wild et al. 2007, 2009).
An alternative selection method was introduced by Wild et al. (2007) and involves two
spectral indices that incorporate the Balmer absorption line strength and the 4000Å break
strength - features which can be used to constrain the mean stellar ages of galaxies and the
fractional stellar mass formed in recent burst (Kauffmann et al., 2003a). The spectral indices,
or principal components, are computed through a Principal Component Analysis (PCA), which
is a multivariate analysis technique that combines together features (Balmer absorption lines
and the shape of the of the stellar continuum) that vary simultaneously as the balance of stars
in a spectrum changes following a starburst. In what follows, I briefly describe the concept of
PCA and a mathematical introduction to the method can be found in Wild et al. (2007).
Principal Component Analysis
The process of extracting the principal components from data can be visualised by consider-
ing a single spectrum, whose flux values can be stored in a one-dimensional array of n pixels
or, alternatively, as a single point in n-dimensional space. In a similar manner, one can visu-
alise a collection of spectra as a cloud of points in the n-dimensional space, rather than a 2-
dimensional array of flux values. The principal components can then be defined as orthogonal
vectors corresponding to the lines of greatest variance in the cloud of points representing the
spectra and they are ordered by the amount of variance in data they correspond to (similarly
to searching for the major and minor axes of an ellipse in two dimensions). These principal
components are then regarded as the new basis, and the original galaxy spectra are projected
upon them to calculate the amplitude of the principal components contained within each of
the spectra. To obtain high signal-to-noise spectral indices applicable to various data sets, Wild
et al. (2007) used synthetic rather than real galaxy spectra, based on Bruzual & Charlot (2003)
stellar population synthesis models.
Within the spectral region 3175Å - 4150Å , the first two principal components were found
to be:
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Figure 1.7: Figure from Wild et al. (2007), with the grey-scale showing the logarithmic number of
33514 SDSS galaxies distributed in the PC1-PC2 parameter space (with individual points plotted in
black). The tracks represent modelled (BC03) top-hat starbursts of 0.03 Gyr duration, superimposed
on a composite early-type galaxy spectrum. Starting from the red sequence (highest density region
in the diagram, around PC1 and PC2 ∼ 0.0), the galaxies evolve along the tracks, first toward lower
values of both PC1 and PC2 and then back towards higher values of both parameters, finally returning
to the starting point. Asterisks indicate times after the onset of the starburst: 0.001, 0.01, 0.1, 0.5, 1.0
and 1.5 Gyr. Different colours correspond to different burst mass fractions: 0.5 per cent (orange), 1
per cent (red) and 3 per cent (blue) and 20 per cent (purple).
• PC1, which contains information on the 4000Å break strength (correlated with Balmer
absorption-line strength), which slowly increases with time after the starburst as the
subsequently older stellar populations dominate the light within a galaxy;
• PC2, which represents the excess Balmer absorption over that expected based on the
4000Å break strength.
Figure 1.7 shows the joint distributions of PC1 and PC2 measured for a sample of over 33000
SDSS galaxies at 0.01< z < 0.07 (Figure 7 in Wild et al. 2007). A large majority of the galax-
ies are found on the right side of the plot with strong 4000Å break (PC1), which is a location
characteristic of the quiescent red-sequence galaxies, dominated by old stellar populations.
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Lower values of PC1 point to ongoing star formation, therefore the less numerous blue-cloud
galaxies appear on the left side of the plot. Starburst galaxies undergo brief episodes of en-
hanced star formation which reflect in extremely low values of PC1 as well as PC2 (deficit of
Balmer absorption and weak 4000Å breaks), due to their stellar populations being dominated
by short-lived O/B stars. As the dominant stellar populations within these galaxies change
with time elapsed from the starburst event, the galaxy moves to the post-starburst phase, and
the Balmer absorption features increase in strength relative to the 4000Å break (Dressler &
Gunn, 1983; Couch & Sharples, 1987). The peak at highest PC2 values is where the old post-
starburst galaxies are found, with dominant populations of A stars and starburst age tSB ∼
1Gyr. Therefore, by selecting galaxies from the left edge of the PC1-PC2 distribution, the evo-
lution of galaxies through the (post-)starburst phase, from the onset of the starburst to the
quenched post-starburst state can be traced. Such an evolutionary sample was studied by
Wild et al. (2010) to find a ∼ 200 Myr offset between starburst and the onset of AGN in local
bulge-dominated galaxies and was also studied in this work with an aim to characterise the
morphological and structural evolution of the galaxies as they pass through the post-starburst
phase. The PCA selection also provides a much higher SNR spectral index to identify an excess
of A stars compared to the traditionally used Hβ or Hδ absorption lines.
It is important to note that weak/moderate emission-line spectra with strong Balmer ab-
sorption lines may also be associated with ongoing starbursts, in which the young stellar pop-
ulations are obscured by dust (Liu & Kennicutt 1995, Poggianti & Wu 2000). Such dusty
starburst candidates can be identified by considering the ratio of their observed Hα to Hβ
emission line fluxes, as the intrinsic line ratios for Hydrogen gas at different temperatures are
well defined. As the effects of dust extinction are more pronounced at shorter wavelengths, in
the presence of dust, the observed Hβ flux will be reduced with respect to Hα, and therefore
a large Hα/Hβ is characteristic of a dust-obscured galaxy.
In this study, I adopted the Wild et al. 2007 PCA selection method to identify galaxies
at different stages of the (post-)starburst phase. In Chapter 5, I discuss how the properties
of the galaxy samples selected using this method compare with those obtained following the
traditional selection criteria.
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1.5 The goals of this study
In this thesis, I present a study of the morphological and structural evolution of local galaxies
through the (post-)starburst phase, a plausible brief transition stage between the star-forming
and passive stages of galaxy evolution. The aim of this study was to constrain the role of
gas-rich major mergers in triggering bursty star formation in galaxies in the Local Universe,
as well as to investigate whether the (post-)starburst galaxies have structural characteristics
consistent with a transitioning population on its way to the red sequence.
The structural properties of the (post-)starburst galaxies were quantified by means of pre-
existing automated proxies, that pertain to the shape of a galaxy’s light profile (Sérsic index,
Sérsic 1963), the central concentration, asymmetry and ‘clumpiness’ of light (CAS, Conselice
2003), the inequality in the light distribution and the moment of light within the brightest
galaxy region (G − M20, Lotz et al. 2004). Previous studies have shown that these parame-
ters are reliable measures of galaxy structure, and provide an automated method of classify-
ing galaxies into early and late types. Tracing the behaviour of these parameters measured
for galaxies in the (post-)starburst phase and comparison with those characteristic for the
star-forming and passively evolving galaxy types, can help uncover the evolutionary path and
ultimate fate of galaxies with recently quenched star formation.
Constraining the role of mergers in triggering the rapid enhancement and subsequent
quenching in star formation in galaxies is a challenging task, mainly due to the dependance
of the prominence and timescales of the merger signatures on the conditions and geometry
of the interaction, and therefore the lack of well established criteria for identifying such sys-
tems. One of the most common approaches includes searching for close pairs of galaxies, i.e.
systems in the early pre-coalescence merger stages, for example, through measurements of
their projected separation and radial velocities (e.g Patton et al. 2000; De Propris et al. 2005).
An alternative is to look for galaxies with a double nucleus or otherwise disturbed light dis-
tributions and presence of faint tidal features in their outskirts, pointing to a recent violent
interaction. All of these features can be reliably identified through visual image inspection
(e.g. Lintott et al. 2008, 2011; Ellison et al. 2013); however, automated approaches offer a
more quantitative description and reproducible results, independent of personal opinions. The
presence of a double nucleus is revealed in the G − M20 parameter space, with G being the
index of inequality of the light distribution and M20, the second order moment of the 20% of
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the galaxy total light (e.g. Lotz et al. 2004; Scarlata et al. 2007). Disturbance in the light dis-
tribution can be measured through the asymmetry parameter (Abraham et al. 1994; Bershady
et al. 2000; Conselice 2003) or the measure of lopsidedness (Reichard et al. 2008, 2009). All
the above methods are suitable for identifying galaxies in early merger stages, however, the
detection becomes difficult after the coalescence of the two nuclei, which is of particular inter-
est to this study. As major mergers result in strongest starburst at the coalescence stage4, the
galaxies with (post-)starburst spectroscopic signatures triggered by a merger are likely to be
in the post-merger phase, with no significant disturbance in the nucleus but with dynamical
signs of interaction in the faint outskirts. Examples of galaxies in the post-coalescence merger
stage are shown in Figure 1.8. So far, there is no robust automated method for identifying
faint tidal features in galaxy outskirts. Therefore, a significant part of this study involved the
development of a new method, that would allow for the automated detection of such faint
features.
1.6 A guide to this thesis
This thesis is structured in the following way:
• Chapter 2 contains the description of the methodology used during the analysis of the
galaxy images, including the image preparation (Section 2.1), extraction of extended
sources (Section 2.2), circular aperture photometry (2.3) and the description of several
measures of galaxy structure and morphology, both pre-existing (Section 2.4) and intro-
duced in this work (Section 2.5). The tests performed to verify the correct working of
the code are described in Section 2.6.
• Chapter 3 contains details of selection of a test sample of galaxies with a variety of
morphologies (Section 3.1), which is then used for calibration of the standard structural
parameters (Section 3.2) and testing of the new measure of morphological asymmetry
(Section 3.3).
• In Chapter 4, the analysis is performed on a local sample of starburst and post-starburst
galaxies (for selection, see Section 4.1) to trace the structural and morphological evolu-
tion of local galaxies over the first 600 Myr following the most recent starburst. Results
4This is true for galaxies with bulges, in which the starburst is delayed from the first passage to the coalescence
stage, in contrast to bulge-less galaxies.
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of the visual image inspection as well as the automated analysis are presented in Sec-
tions 4.2 and 4.3, respectively. Section 4.4 contains a comparison of the results obtained
using the new morphology measure with those found by means of visual inspection, and
Section 4.5, a discussion of the implications of the results on the galaxy evolution.
• In Chapter 5, the analysis is extended to samples of starburst and post-starburst galaxies
in different mass regimes, including objects with starburst ages above 600 Myr. The sam-
ple selection is described in Section 5.1, brief qualitative description obtained through
visual inspection is presented in Section 5.2 and a full quantitative analysis is presented
in detail in Section 5.3. Section 5.4 contains a discussion of the results in the context of
the galaxy evolution and Section 5.5, a comparison with previous studies.
• Chapter 6 contains the analysis of simulated imaged of galaxy mergers in the post-
coalescence stage of the interaction. The mock data are described in Section 6.1 and
the analysis is presented in Sections 6.2, 6.3 and 6.4. In Section 6.5 the morphologi-
cal evolution of the merger remnant is compared with that of real galaxies following a
starburst.
• The summary of conclusions is presented in Chapter 7, where the main questions con-
tained within the title of this thesis are addressed directly (Sections 7.1 and 7.2). Section
7.3 contains a brief outline of the future aims of this work, including other applications
of the newly introduced measure of morphological asymmetry.
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Figure 1.8: SDSS composite false-colour images of galaxies in the post-coalescence merger stage. Fig-
ure obtained from Ellison et al. (2013).
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Methodology: automated image analysis
Since the dawn of extragalactic astronomy, in the early twentieth century, visual image
inspection has been the most common approach to galaxy classification. Even today, when the
current technology presents us with much more efficient automated methods, we often resort
to the traditional approach, utilising the excellent human pattern-recognition skills, which
make the resultant classification highly reliable. Through collaborative efforts of research
groups as well as contribution from the general public, the catalogues of visually classified
galaxies have recently been extended to over a million galaxies (Galaxy Zoo project, Lintott
et al. 2008, 2011). However, despite of the high reliability of visual image inspection, there are
some drawbacks of using the traditional approach which can be overcome by resorting to auto-
mated analysis. Computer based methods of analysis provide a more quantitative description
of the structure and morphology of galaxies and therefore offer a higher reproducibility classi-
fication than that obtained through visual image inspection. Furthermore, the high efficiency
of the automated approach can be a huge advantage in today’s era of large telescopes and
extensive surveys (although, high efficiency galaxy classification can also be obtained through
citizen science, as it has been shown by the Galaxy Zoo project).
25
Chapter 2. Methodology: automated image analysis
In my study, I used both visual and automated methods of image analysis but my prime
focus was on the latter. In this chapter I describe the automated analysis of galaxy images car-
ried out in this work, from image preparation through object detection to the computation of
several measures of galaxy morphology and structure. Unless otherwise specified, the analysis
was carried out by a self contained IDL code which I developed as part of this work.
The data used in this study were obtained from the publicly available imaging and spectro-
scopic catalogues comprising the seventh data release of the Sloan Digital Sky Survey (SDSS
DR7, Abazajian et al. 2009). The DR7 was the final data release that completed the first two
phases of the SDSS, carried out over eight years (2000-2008) by means of a 2.5m telescope lo-
cated at Apache Point Observatory in Southern New Mexico (Gunn et al., 2006). The imaging
data used include optical images of galaxies in the SDSS’ g-, r- and i-passbands, with aver-
age wavelengths equal to 4686Å, 6165Å and 7481Å, respectively, and sampling resolution of
∼0.396 arcsec/pixel, as well as composite false-colour images. The spectroscopic data, includ-
ing the emission and absorption line fluxes and equivalent widths as well as the derived stellar
masses of the galaxies, were taken from the MPA-JHU DR7 release of spectrum measurements
(http://www.mpa-garching.mpg.de/SDSS/DR7/).
2.1 Image preparation
In this section, I describe the optional tasks the code can be set to perform prior to the im-
age analysis. These options can be switched off should the images provided be already of
the right size, centred on the galaxy of interest, sky-subtracted and/or cleaned of potentially
contaminating nearby sources.
2.1.1 Astrometric calibration and postage stamps
Given the galaxy coordinates within an image (RA, Dec), the code can be set to cut out a
postage stamp centred at the given position and rotated to the position angle of 0◦ (North =
up). This can be done if the information about the image central coordinates and the image
scale is also provided. In SDSS, the astrometric data related to the image scale (the number
of degrees of RA/Dec per row/column pixel) are contained within four parameters defining
the World Coordinate System (WCS). Using the WCS parameters (stored in the image headers
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as CD11, CD12, CD21, CD22), the coordinate transformation can be made as follows: RA
Dec
=
 CD11 CD12
CD21 CD22
 x
y
 (2.1)
The the resulting postage stamp is a square image with centrally located position pixel of the
galaxy (x , y).
2.1.2 Sky background level estimate
The computation of the binary detection mask relies on a good estimate of the sky background
level in the image. For a self-contained analysis, the code estimates the sky background level
values rather than using those from the SDSS catalogue, although the two measurements agree
well.
As there are no significant small-scale spatial fluctuations in flux in the SDSS images, the
sky background immediately behind a given galaxy can be represented by a constant value
computed in an annulus surrounding the galaxy. The annulus size is important: the inner
radius (rin) should be far enough from the galaxy to minimise its contribution to the sky back-
ground estimate; the outer radius (rout) should extend far enough to ensure that the number of
pixels within the annulus is sufficient for the estimate to be statistically meaningful. Choosing
the inner radius without the knowledge about the extent of the galaxy is not trivial. As argued
by Da Costa (1992), in such case the inner radius should be several times greater than the full
width at half maximum (FWHM) of the galaxy image, and the annulus itself should contain
many hundreds of pixels. Through inspection of the images I found that, typically, rin ∼ 30
arc seconds was large enough to minimise the contribution from the central galaxy. I defined
rout = 2×Rin, ensuring that the resulting area of the annulus (46180 pixels) is consistent with
the minimum limit of 20000 quoted by Simard et al. (2011).
The sky background level was taken as the mode of the flux histogram, clipped iteratively
at 3σ (Da Costa, 1992; Berry & Burnell, 2000) until convergence of the mode (typically after
a few iterations) to account for the skewness in the distribution introduced by the presence
of unwanted nearby sources in the annuli. I defined the mode as 2.5×median - 1.5×mean
(Bertin & Arnouts, 1996). It should be noted that the clipping algorithm introduces a small
bias to the estimate of the sky background level. This becomes apparent if one considers the
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highest-intensity pixels being excluded from the distribution. If there were no bright source
there, some fraction of the pixels would have been low-value sky pixels. The opposite is not
true however, when one considers the faintest pixels being excluded from the distribution,
which leads to an overestimated value of the sky background level. This is a relatively small
effect: the resulting bias is comparable with the size of the variance in different parts of the
image (Berry & Burnell, 2000).
2.2 Extraction of sources
Astronomical image analysis begins with object detection which, in practice, involves dividing
image pixels into ‘object’ and ‘sky’ categories. The information about how the pixels are split
can then be saved in the form of a binary image containing a map of pixels assigned to the
object with intensities equal to 1, and those comprising the sky, equal to 0. Throughout the
text, I will refer to such a map as the ‘detection mask’.
2.2.1 Binary detection mask
To create the binary detection mask I employed an 8-connected structure detection algorithm,
with 8-connected neighbours defined as all pixels touching one of the edges or corners of the
central pixel (SDSS position pixel, Section 2.1.1). The algorithm searches for such neighbour-
ing pixels with intensities above a threshold level defined as a function of the background sky
level and its standard deviation. It is specifically designed to identify faint features in the out-
skirts of galaxies. To enhance the detectability of such features without significantly lowering
the detection threshold and potentially dropping to the noise level, each image is effectively
passed through a 3 × 3 running average (mean) filter prior to the detection process. This
reduces the noise in the images by not only amplifying the signal from the regions with low
surface-brightness but also diminishing the pixellation effect in those regions where individ-
ual pixels are too faint to be detected. Then, starting from the central pixel as given by the
SDSS position, the binary detection mask is built by accepting all pixels that are 8-connected
to previously accepted pixels and have intensities above the chosen threshold. After some ex-
perimentation, I found the optimal threshold for a robust detection of faint tidal features is 1
standard deviation above the sky background level. For the SDSS r-band images of the SB/PSB
sample, this corresponds to a mean limiting surface brightness of 24.7 mag/arcsec2. In Figure
2.1, I present examples of detection masks computed for SB/PSB galaxies with different levels
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of morphological disturbance, as classified by visual inspection of the SDSS r-band images (the
exact criteria of the visual classification are explained in detail in Section 4.2.1. In the case of
an ongoing merger, with double nuclei joined by a bridge (see e.g. objects MORPH2, MORPH8,
MORPH9, MORPH11 in Figure 3.1), the detection mask will include both components of the
merging system.
Figure 2.1: Binary detection masks for selected galaxies in the evolutionary (post-)starburst sample
(Section 4.1), and comparison of the different definitions of radii. The horizontal panels show: top -
the false colour SDSS images; middle - the SDSS r-band images with marked aperture sizes defined by
the Petrosian radius, 2rp (red), and the radius introduced in Section 2.2.3, rmax (black); bottom - the
corresponding binary detection masks (Section 2.2.1).
Contamination by nearby sources
A common complication in astronomical image analysis is signal contamination due to pres-
ence of nearby luminous sources. The light from the galaxy of interest may be contaminated by
that from other objects, including either neighbouring galaxies or galaxies/stars that, although
physically distant, happen to appear in the field of the imaging camera.
The usual solution to minimise the effects of contamination is to mask out the nearby
sources before the analysis. Manually, this can be done to a high precision; however, in an au-
tomated analysis, there is a risk of masking out parts of the galaxy of interest itself, particularly
when the contaminating sources overlap the galaxy. Therefore, for the purpose of this project,
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I limited this step of image preparation to masking out only those sources that are found out-
side of the detection mask, to ensure that the galaxy itself is not affected. In future work, I
intend to extend this process further to account for sources overlapping with the galaxy. At
this stage, visual inspection is required and any images with significant contamination from
overlapping sources (e.g. very bright stars) need to be discarded before the analysis.
2.2.2 Defining the ‘galaxy centre’
For initial identification of galaxies in the images, I used the position coordinates derived by
the SDSS pipeline. However, to ensure that the morphological and structural parameters were
measured robustly so that a meaningful way of comparison between the galaxies of different
types could be facilitated, I employed the following definitions of the centroids:
• Maximum-intensity centroid, OImax - the position corresponding to the highest intensity
pixel within the boundaries defined by the detection mask. This definition was used
during the computation of the surface-brightness profiles (Section 2.3.1), the central
concentration index (C , Section 2.4.2) and the clumpiness parameter (S, Section 2.4.5).
• Minimum-asymmetry centroid, OAmin - the position yielding the minimum value of rota-
tional asymmetry (A, Section 2.4.3). To find the centroid, the values of A are calculated
for a 180o image rotation about every position within a boundary defined by highest-
intensity pixels accounting for 30% of the total flux from the galaxy (here, the total flux
is given by the summation of all pixels included in the detection mask). This centroid
was used for computation of all parameters pertaining to the rotational asymmetry of
the galaxy images (Section 2.4.3, 2.4.4, 2.5).
• Minimum-moment centroid, OMmin - the position yielding the minimum value of the
second-order moment of the galaxy total flux. Again, the moments are computed for the
highest-intensity pixels comprising 30% of the total flux (measured within the bound-
aries defined by the detection mask). This definition of the centre was used for the
computation of the M20 parameter (Section 2.4.7).
2.2.3 Defining the ‘galaxy radius’
Defining the radius of an extended light source, such as a galaxy, can be challenging due
to lack of clear boundaries between the object and the sky. In 1976, Petrosian introduced
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a definition of a galaxy radius determined by the shape of its azimuthally averaged surface-
brightness profile (Petrosian, 1976). A modified version of Petrosian’s definition was adopted
in the SDSS photometric analysis pipeline (Blanton et al., 2001; Yasuda et al., 2001), where it
is computed by considering the Petrosian ratio (Rp(rp), the ratio of the local surface brightness
in an annulus at radius, r, to the mean surface brightness within r):
RP(r) =
∫ 1.25r
0.8r 2pir
′ I(r ′)dr ′/[pi(1.252 − 0.82)r2]∫ r
0 2pir
′ I(r ′)dr ′/(pir2)
(2.2)
The Petrosian radius, rp, is the radius at which the Petrosian ratio equals 0.2. As shown by
Blanton et al. (2001), in the case of normal galaxies, the aperture at 2rp is optimal for recov-
ering the majority of the galaxy’s flux (80% for early-type and 100% for late-type galaxies)
without including a considerable amount of noise. Unfortunately, moving away from normal
galaxies with reasonably smooth surface-brightness profiles can introduce complications. As
discussed by Blanton et al. (2001), a galaxy with a complex substructure could have no or
more than one rp, and in the case of a galaxy with a very bright stellar nucleus, rp could be
determined solely by the innermost region.
In my study, I used a radius defined by the detection mask, rmax , as the distance between
the centre (defined as the maximum intensity pixel, OImax , see Section 2.2.2) and the most
distant pixel from that centre. I found this definition of galaxy radius more suitable for the
purpose of this work, over the commonly used Petrosian radius, rp (Petrosian, 1976; Blanton
et al., 2001; Yasuda et al., 2001), in the case of galaxies with significant morphological dis-
turbance. In the second row of Figure 2.1 apertures at the new radii (black) are compared
to those at twice the Petrosian radii (red). The latter value is typically used to recover the
majority of flux for galaxies with regular morphologies (Blanton et al., 2001). The radii are
similar for morphologically undisturbed galaxies but in the presence of significant morpholog-
ical disturbance, rmax includes the extended faint structures in the outskirts of galaxies, which
can be excluded by 2rp.
With the information about the galaxy radii, the code can revise the initial estimate of
the sky background level. The procedure described in Section 2.1.2 is repeated, but this time
with the final value being computed within an annulus defined by the following radii: rin =
rmax +1[pix] and rout = 2rmax . This final estimate of the sky background level was subtracted
from the images prior to the measurement of the morphological parameters (although it differs
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from the original one by no more than 3 digital counts per pixel, there is a drop in the standard
deviation by as much as 50%).
2.3 Circular aperture photometry
The total area of all pixels completely embedded in a circular aperture is not equivalent to
the total area of the aperture itself. Some pixels intersecting the aperture will be only partially
enclosed by its boundary leading to an incorrect estimate of the aperture flux. It does not seem
the right approach to exclude pixels that are not entirely enclosed by an aperture’s boundary
as that would result in too much flux being lost, yet including them could result in a greatly
overestimated value. This effect becomes especially important in small apertures, in which
the light within a single pixel is a significant contribution the total flux. To closely recover
the area of the defining aperture, the contribution from fractionally embedded pixels must be
taken into account. In practice, this can be done by pixel sampling. The code divides each
pixel into 10× 10 elements, each having a well defined position in the image. A pixel is then
included within an aperture, if a given fraction, fpix , of its elements is enclosed by the aperture
boundaries. After some investigation, the value of fpix was set to 0.1.
2.3.1 Radial intensity profiles
The distribution of light within the galaxies can be described by means of radial intensity
profiles. In this work, to compute the profiles, I measured the mean flux in concentric annuli
defined by circular apertures centred on the highest-intensity pixel, OImax . The choice of
circular over elliptical apertures was to minimise the computational time required for this
part of the analysis (the latter would require a time consuming fitting algorithm). After some
investigation, the annuli were chosen to have thickness of 1 pixel. Other annuli sizes were
also explored; however, the larger the size of the annulus the more uncertain it was to which
radius the mean flux value should be assigned to when computing the profile. The choice
of thin annuli eliminated that uncertainty. For each galaxy, the number of annuli used was
limited by the value of rmax .
I used the radial intensity profiles to estimate the Sérsic indices (Section 2.4.1) and in-
directly, through the growth curve radii, to measure the concentration index of the galaxies
(Section 2.4.2).
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2.3.2 Magnitudes
Magnitude measurements are usually carried out by defining a suitable aperture and consid-
ering the total flux within it. Circular apertures are a common choice as they often provide
a reasonable approximation of the projected galaxy shapes. However, in the case of galax-
ies with triaxial anisotropy viewed edge-on or those with highly irregular morphologies, the
choice of a circular aperture can result in a measurement with a significant contribution from
noise. To correct for the inclination effect, elliptical apertures can be used instead, however,
ellipse fitting can be computationally expensive and they do not solve the problem for galaxies
with irregular morphologies.
As the main focus of this work was on galaxies undergoing violent and disruptive pro-
cesses (strong starbursts, possibly due to interactions and mergers), I adopted an aperture-
independent definition of the total magnitude measured by summing up the flux from all
pixels within the detection mask.
To convert from linear flux measure to magnitudes, I followed the asinh definition used in
the SDSS pipeline (Lupton et al., 1999):
m = −(2.5/ln(10))× (asinh(( f / f0)/2b) + ln(b)) (2.3)
In the above equation, b is the ‘softening parameter’ set approximately to 1σ of the sky noise
in the given band and f / f0 is the extinction-corrected normalised count rate:
f / f0 = (counts/tex p)× 100.4(mZ P+kA), (2.4)
where tex p is the exposure time, mZ P is the photometric zero-point in the given band, k is the
extinction coefficient and A, the airmass at the given position.
In section 2.6.1, I compare the values of the magnitude calculated within the boundaries
of the detection mask with the traditional aperture magnitudes.
2.3.3 Growth curve radii
A growth curve radius is a radius that defines an aperture enclosing a given fraction of the total
galaxy light. Using the radial light intensity profiles described in Section 2.3.1 and linearly in-
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terpolating between the data points, I calculated the growth curve radii containing 20%, 50%,
80% and 90% of the total flux within the detection mask boundaries. I used the growth curve
radii in the computation of the measures of concentration, outer asymmetry and clumpiness
(Sections 2.4.2, 2.4.4, 2.4.5).
2.4 Standard measures of galaxy structure
In this section, I describe the measures of galaxy structure and morphology used in this work,
including several traditional measures found in literature that had been widely used in studies
of galaxy structure as well as a new morphological indicator designed to measure asymmetric
structures in the outskirts of galaxies, developed in this work.
2.4.1 Sérsic index
The distribution of light within galaxies can be well described by fitting the Sérsic function
(Sérsic, 1963) to the galaxy intensity (or surface-brightness) profile:
I(R) = Ieexp
§
− bn

R
Re
1/n
− 1
ª
(2.5)
where Ie stands for the intensity at the galaxy’s effective radius, Re, enclosing half of the total
galaxy light, and the constant bn is determined by the Sérsic index, n (see Graham & Driver
(2005) for more details). The Sérsic index itself is a parameter that describes the shape of
the intensity profile and has been widely used in discriminating between early- (n∼4) and
late-type (n∼1) galaxies.
In this work, I used a single-component Sérsic fit to a one-dimensional intensity profile
measured within circular annuli (Section 2.3.1). The fit was performed by utilising an IDL
function, mpfitfun.pro1 and it was weighted using the uncertainty in the photon counts within
each annulus:
∆I =
Æ
((I + Isk y)/g + N(DV +∆Isk y)), (2.6)
where I and Isk y are the intensity of the source and sky background, respectively, summed
over all pixels within an annulus, and ∆Isk y is the uncertainty in the latter. The number of
pixels in an annulus is given by N , the number of photo-electrons is related to the pixel counts
through the gain, g, and the contributions to noise from the dark current and read noise are
1Developped by C. Markwardt, http://cow.physics.wisc.edu/ craigm/idl/idl.html
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contained within the dark variance, DV .
Prior to the fitting, the model had to be adjusted to account for the imaging limitations
caused by the atmospheric turbulences, aberration and diffraction of light by the telescope’s
aperture. Therefore, at each step of the fitting procedure, the Sérsic function was convolved
with the appropriate point-spread function (PSF). To represent the PSF I used the sum of two
Gaussian functions with widths and relative amplitudes specified by the corresponding SDSS
image header parameters.
2.4.2 Central concentration index
An alternative way of quantifying the light distribution in a galaxy is to measure its concen-
tration index, C (Kent, 1985; Abraham et al., 1994; Bershady et al., 2000). This parameter
is computed by considering the growth curve radii of a galaxy. As shown by Bershady et al.
(2000), the most robust definition of C , suitable for studying galaxies in nearby universe as
well as those at higher redshifts, and with a large dynamical range, is:
C = 5log10

r80
r20

(2.7)
with r20 and r80 being the radii containing 20% and 80% of the total galaxy light. C typically
ranges between 2 and 5, with highest values characteristic of highly concentrated early-type
galaxies (C > 4) and decreasing to C ∼ 3 for later types (eg. Bershady et al. 2000; Conselice
2003; Hernández-Toledo et al. 2008).
In this work, the growth curve radii were calculated within rmax , as described in Section
2.3.3, rather than the commonly used factor of 1.5 of the Petrosian radius, rp.
2.4.3 Asymmetry parameter
Galaxies with bursty star formation and those which have undergone a recent interaction or a
merger tend to have irregular morphologies and show peculiar features in their structure. Such
features are likely to appear asymmetric to the observer. Quantifying the degree of asymmetry
in galaxies has been a subject of many studies. In particular, Schade et al. (1995), Abraham
et al. (1996), Conselice et al. (2000), Conselice (2003), Hernández-Toledo et al. (2008) in-
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vestigated a parameter that measures the rotational asymmetry of galaxy images, defined as:
A=
Σ | I0 − Iθ |
2Σ | I0 | − Abgr , (2.8)
where Iθ is the flux from an individual pixel in the galaxy image rotated by a given angle,
most often 180o, about a chosen centroid, and Iθ is flux from a pixel at the same position
in the original, un-rotated image. The sum is computed over all pixels within a symmetric
extraction region, usually defined in therms of the galaxy radius. The second term is a noise
correction: the asymmetry computed on a blank region of sky of the same size as the extraction
region (see Conselice et al. 2000 for details). The choice of the centre of rotation can have a
significant impact on the value of A and should be chosen such as to minimise A for a given
object (Conselice et al., 2000).
In this work, A was computed through a 180o rotation about such a minimum-asymmetry
centroid. As described in Section 2.2.2, the centroid was found by considering many pixels
simultaneously, in order to eliminate potential local asymmetry minima (no such local minima
were found in the study by Conselice et al. 2000; however, their study did not focus on galaxies
with significant morphological disturbance, where this effect could become apparent). The
extraction region for the asymmetry measurement was defined by the aperture at rmax , rather
than the commonly used 1.5rp.
2.4.4 Outer asymmetries
To enhance the signal from the low-surface-brightness regions in the outskirts of the galaxies I
used a modified version of the asymmetry measure, which I refer to as the ‘outer’ asymmetry,
Ao. It is computed similarly to the standard asymmetry parameter (Equation 2.8), but with
an inner circular aperture containing the brightest 50% of the total flux excluded from the
measurement. A comparable definition of ‘outer’ asymmetry was also recently investigated by
Wen et al. (2014).
2.4.5 Clumpiness parameter
In star-forming galaxies the distribution of light can become ‘patchy’ as the light intensity of the
star-forming regions surpass that coming from other galaxy parts. Conversely, galaxies with
little or no star-formation activity tend to have smoother light distributions. This can be quan-
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tified by considering the ‘clumpiness’ parameter, S (Isserstedt & Schindler, 1986; Takamiya,
1999; Conselice, 2003), designed to measure the amount of light contained within the high-
spatial-frequency structures of galaxies, and can be defined as:
S =
Σ | Io − Iσ |
Σ | Io | , (2.9)
following Conselice (2003), where Iσ stands for pixel intensity in the smoothed galaxy image
(with the smoothing filter width related to the galaxy radius) and Io is that in the original
image.
In this work, the width of the smoothing filter was set to r20, the growth curve radius
enclosing 20% of the total light. Like in the case of A, the extraction region used in this
study was defined by an aperture at rmax . As centres of most galaxies are highly concentrated
they could artificially increase the values of S and therefore, prior to the measurement, the
innermost aperture at R20, centred on the highest-intensity centroid, OImax , was excluded.
2.4.6 Gini index
The distribution of light in galaxies can be described independently of the definition of their
centres by means of the Gini index, a measure of the inequality in the light distribution. This
can be particularly useful in the case of morphologically disturbed systems where the definition
of the ‘centre’ does not emerge naturally from the galaxy shape and structure.
The Gini index was originally used in economics to study the inequality in the wealth of
a population and was adapted in astronomy about a decade ago (Abraham et al., 2003). In
image analysis, the Gini index is computed based on the rank-ordered cumulative distribution
function of the pixel intensities - the Lorenz curve (Lorenz, 1905). It is given by the ratio of
the area between the Lorenz curve and the line of ‘uniform equality’ to the area underneath
the curve of ‘uniform equality’. This is illustrated in Figure 2.2. For a discrete distribution, the
mathematical expression for computing the Gini index can take the following form (Glasser,
1962):
G =
1
2X n(n− 1)
n∑
i
(2i − n− 1) | X i | (2.10)
with pixel intensities, X i , in increasing order, n - the total number of pixels assigned to the
galaxy (in this work, defined bythe detection mask), and X - the mean over all intensities. G
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Figure 2.2: A graphical representation of the Gini index. The values on the x-axis represent the fraction
of the image pixels, rank-ordered by their intensities from lowest to highest, and the values on the y-axis
are the corresponding fraction of the total flux contained within the pixels. The dashed line represents
the line of uniform equality and the solid green line represents the light distribution in a galaxy image
(Lorenz curve). The Gini index is the ratio of the area shaded in green to the total area under the line
of uniform equality. In a case where the light is distributed equally between all pixels the green area is
reduced to 0, resulting in G = 0; conversely, if all flux is contained within a single pixel, the green area
expands to match the total area under the line of uniform equality, leading to G = 1.
takes on high values for galaxies with bright nuclei, including highly concentrated early-type
galaxies and merging galaxies with multiple nuclei, and its value decreases for systems with
more uniform light intensity distributions. Unlike C , the Gini index can distinguish between
galaxies with shallow intensity profiles and those with bright off-centre regions (Lotz et al.,
2004).
2.4.7 Moment of light
The degeneracy between early-type and merging galaxies having similarly high G values can
be broken by gaining information about the spatial extent of the brightest galaxy regions. This
has been done by measuring the M20 parameter - the second order moment of the brightest
20% of the galaxy’s total flux. M20 is calculated by summing the individual moments, Mi , over
the brightest pixels until the corresponding sum of pixel intensities, fi , reaches 20% of the
total galaxy light, after which stage, the sum is normalised by the total second-order moment
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of all galaxy pixels, Mtot (Lotz et al., 2004):
M20 = log10
∑
i Mi
Mtot

,while
∑
i
fi < 0.2 ftot , (2.11)
with
Mtot =
n∑
i
Mi =
n∑
i
fi[(x i − xc)2 + (yi − yc)2]. (2.12)
Here, the individual pixel coordinates denoted by x i , yi , and the centroid’s coordinates given
by xc and yc . The centroid is a free parameter computed by minimising Mtot (Lotz et al.
(2004), see Section 2.2.2).
M20 traces the spatial extent of the brightest galaxy features, like bars, bulges or spiral
arms, and, like C , it can be used to differentiate between early and late galaxy types. It is also
sensitive to the presence of multiple nuclei in the galaxy, and therefore, useful for identifying
ongoing mergers (Lotz et al., 2004, 2008).
2.5 The new morphological indicator - shape asymmetry
As galaxy mergers are dynamically violent and chaotic processes, the signatures they leave
behind are likely to show little azimuthal symmetry. Therefore, measuring structural asym-
metry seams a natural way for studying the evolution of post-merger features in galaxies.
However, the standard asymmetry parameter favours the brightest central galaxy parts, which
tend to show high asymmetry prior to the coalescence of the merging galaxies but become
more symmetric in the post-merger stages, and the signatures that remain asymmetric for a
more extended period of time after the final merger can be found in the galaxy outskirts and
are much fainter. Therefore, in order to measure the morphological evolution of a merger
remnant, the asymmetry measure needs to be tuned to pick out signal from the faint outskirts.
In this section, I introduce the ‘shape’ asymmetry (AS) - a new measure of asymmetry de-
signed specifically to detect galaxies with asymmetric low surface-brightness tidal features.
It is computed using the same mathematical expression as the standard asymmetry parame-
ter (Equation 2.8); however the measurement is performed using the binary detection masks
rather than the images of galaxies. This essentially sets the flux to unity throughout the whole
galaxy image an allows for equal weighting of all galaxy parts during the measurement, re-
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gardless of their relative intensities. The key difference between AS and the other asymme-
try measures investigated in this work (A, Ao) is that the new parameter is purely a mea-
sure of morphological asymmetry and does not contain any information about the asymmetry
of the light distribution within the galaxy. It is therefore not influenced by the presence of
asymmetric bright galaxy components, like multiple nuclei, and it is highly sensitive to low
surface-brightness regions of galaxies. This is illustrated in Figure 2.3. In order to measure
the asymmetry of the light distribution within the galaxy, the traditional measure, A, must be
used instead.
As in the case of A, during the computation of AS the images were rotated around the flux-
weighted minimum asymmetry centroid, OAmin, to ensure that the asymmetry is measured
with respect to the galaxy core rather than an arbitrary region selected by minimising the
shape asymmetry itself. The measurement was performed within an extraction region defined
by a circular aperture at rmax . The noise correction term (Abgr , Equation 2.8) was omitted
in the measurement of AS: in contrast to the standard asymmetry measure, increasing the
aperture size does not increase the amount of random noise as all ‘background’ pixels within
the detection mask are set to 0.
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Figure 2.3: Comparison of measurements of A and AS for galaxies with different morphologies se-
lected from the evolutionary (post-)starburst sample (Section 4.1). Rows 2, 3, 4 contain the SDSS
r-band images and rows 5, 6, 7, the binary detection masks: un-rotated, rotated and residual (absolute
difference between the former two), respectively. The apertures show the extraction regions defined
by rmax (Section 2.2.3).
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2.6 Code testing
In this section, I summarise the tests performed to verify the correct working of the code de-
veloped in this work. For the testing purpose, I selected a sample of galaxies of which the
morphological and structural properties have been characterised by previous studies. The
sample consists of 20 local galaxies selected by means of visual image inspection, from the
Catalog of Isolated Galaxies (CIG, Karachentseva 1973), to represent different morphological
types including spheroids with smooth light distributions and a variety of galaxies with disks
surrounding more or less prominent bulges. The false-colour images of the galaxies in the
CIG sample are presented in Figure 2.9, and Figure 2.10 shows the r-band images (cleared
of nearby sources) used in the analysis, with over-plotted apertures at r20, r80, rmax and the
SDSS 1.5× rp and (1.5× rp)/5. Through analysis of the SDSS’ r-band images of the galaxies,
I computed their r-band magnitudes, surface-brightness profile, the Sérsic index and the CAS
parameters, and compared them with the corresponding literature values, including the SDSS
DR7 catalog (Abazajian et al., 2009), NYU Value-Added Catalog (Blanton et al., 2005), the
NASA-Sloan Atlas (NSA, http://www.nsatlas.org) and the study by Hernández-Toledo et al.
(2008) (hereafter HT08). In what follows, I present the results of the comparison and com-
ment on how the variety of the methods of computation of the structural parameters may
impact the values obtained by different studies.
2.6.1 Magnitudes
The magnitudes used in this work were measured within the region outlined by the detection
mask, rather than using apertures of a fixed shape (Section 2.3.2). This approach was chosen
to minimise the noise effects, particularly in the case of morphologically disturbed galaxies,
whose 2D projections in an image can take on highly irregular shapes. In Figure 2.4, I com-
pare these magnitudes, obtained for the galaxies in the CIG sample, to those measured within
circular apertures at rmax as well as the SDSS Petrosian magnitudes (measured within 2rp).
The magnitudes measured within the detection mask boundaries tend to be marginally fainter
than those measured within rmax and the SDSS Petrosian magnitudes. The discrepancies are
not higher than ∼ 0.1 mag, however, they are comparable to or larger than the uncertainties
in the measured values (∼ 0.02 mag).
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Figure 2.4: Top: comparison of the r-band magnitudes computed in this work for galaxies in the CIG
sample with the values of Petrosian magnitudes found in the SDSS photometric catalogue. The red
data points correspond to magnitudes computed within the detection mask boundaries and black, for
those measured within circular apertures at rmax . Bottom: comparison of the r-band surface brightness
profiles for two galaxies selected from the CIG sample with the corresponding values found in the SDSS
photometric catalogue. The red line shows the light profiles computed in this work, and the black line,
the SDSS values.
2.6.2 Surface-brightness profiles
As described in Section 2.3.1, to measure the radial surface-brightness profiles of galaxies I
considered the mean flux in concentric circular annuli with origin at OImax (Section 2.2.2). A
similar definition was used by the SDSS pipeline; however, with a different choice of annuli
sizes (Stoughton, 2002). In order to facilitate direct comparison with SDSS, for the purpose
of this test I adopted their definition of the annuli and re-computed the r-band radial surface-
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Figure 2.5: Comparison of the r-band Sérsic indices obtained for galaxies in the CIG sample with the
corresponding literature values. Top: this work versus the NASA-Sloan Atlas; middle: this work versus
the NYU Value-Added catalog and bottom: NSA versus NYU. The crossed-out data points mark the
galaxies for which n has reached the limiting value (n = 6.0 in NSA). The legend shows the values of
the Spearman rank correlation coefficient and the corresponding p-values.
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brightness profiles for all galaxies in the CIG sample. The obtained values agree with SDSS
within ∼ 0.1 mag/arcsec2 (representative examples are shown in Figure 2.4). The values on
the horizontal axis correspond to the inner radii of the annuli used to compute the profiles.
2.6.3 Sérsic index
The computation of the Sérsic index is a multistage process that can be approached in various
ways. As in any model-fitting method, the values of the best-fit parameters will depend on the
choice of the model as well as the fitting procedure. This will introduce discrepancies in the
obtained values of n found in different studies. The Sérsic function can be fit to galaxy surface-
brightness profiles either in one or two dimensions and the fit can be composed of a number of
components. The final form of the Sérsic model will also depend on the shape of the PSF at the
given position, which in turn can be described in a number of ways (usually involving a Moffat
or multiple-Gaussian function). Furthermore, the surface brightness profiles themselves may
be extracted from galaxy images in a number of ways. For example, in one-dimension the
profiles can be described by considering a representative value of flux (e.g. mean or median)
within concentric annuli, which can take on different shapes and sizes. The centre of the
profile can be challenging to define, especially in galaxies with irregular morphologies. Direct
comparison of the values of the Sérsic index with literature is therefore not straight forward,
however general trends in its values for galaxies of different types should be recovered even
when using different approaches.
As described in section 2.4.1, in this work I used a one-dimensional single-component
Sérsic fit to galaxy profiles extracted using circular annuli. In Figure 2.5, I compare the Sérsic
indices I measured for the galaxies in the CIG sample with the corresponding values from
other studies, which can be found in two publicly available catalogues: the NSA, and the
NYU Value-Added Galaxy Catalog. The main differences in the methods of computation of the
catalog values of n compared with this study include: in NYU catalog - a different definition of
the annuli from that used in this work and the PSF constructed in a dissimilar manner (using
a triple rather than double Gaussian); in the NSA - a two-dimensional Sérsic model fit to the
galaxy images.
In Figure 2.5, the galaxies for which n has reached the limiting values (n = 6.0 in NSA)
are marked with crosses. Discarding those galaxies, there is a strong correlation between the
Sérsic indices obtained in this work and those found in the catalogues, given how different
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the methods of computation of n were. The values displayed in the legend correspond to the
Spearman rank correlation coefficient (ρ) and the probability of the correlation being a result
of random sampling (p), computed for each pair of data sets. In both cases, the values of ρ are
greater than 0.9 and there is a negligible probability that the observed trends in the data are
solely due to chance. The scatter about the line of one-to-one correspondence, is comparable
to that seen in the right-hand panel where the values from the two catalogs are compared
against one another (in fact, in this case the Spearman test suggests a slightly weaker and
statistically less-significant correlation). Comparison with other studies shows that the values
n obtained in this work can be considered as reliable as they are not outwith the statistical
error bars of the values quoted by other studies.
2.6.4 Structural parameters
The CAS parameters are model-independent measures of galaxy structure but, as in the case of
the Sérsic index, there are several steps in their computation process that can be approached in
more than a single way, making direct comparison with literature not straight forward. Similar
to before, the general trends for galaxies of different types should however be comparable.
Concentration index
The concentration index can be defined terms of various growth curve radii: in this work, I
used r20 and r80 but other definitions have also been explored in literature. Furthermore, the
values of the growth curve radii themselves depend on the description of the surface-brightness
profiles of the galaxies. However, the dependence on the profiles should be weaker than that
of the Sérsic index as C is a coarser measure than n, less sensitive to small-scale variations in
the surface brightness. In Figure 2.6, I compare the values of C I measured for the galaxies
in the CIG sample with the corresponding values obtained by HT08 and those found in the
NSA. For the purpose of this test, in addition to the definition of C employed in this work, I
also use an alternative one, involving r50 and r90, in order to facilitate direct comparison with
the NSA values. Again, the values of the Spearman rank correlation coefficients and the corre-
sponding p-values are presented in the legend. The correlation between the values measured
in this work and those found in literature is remarkably strong and statistically significant,
with ρ(C80/20) = 0.944, ρ(C90/50) = 0.929 and p < 10−4 in both cases. As expected, the
correlations are slightly tighter than those found for the Sérsic index.
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Figure 2.6: Comparison of the concentration indices, C80/20, C90/50, computed for the galaxies in the
CIG sample with the corresponding literature values: HT08 and NSA, respectively. The legend shows
the values of the Spearman rank correlation coefficient and the corresponding p-values. The dashed-
dotted lines show the one-to-one relation.
Asymmetry and clumpiness
In the final test, I considered the values of the asymmetry and clumpiness parameters found
for the galaxies in the CIG sample. One of the key factors that can potentially influence the
values of both A and S are the choice of the extraction region within which the measurement is
performed. As described in Sections 2.4.3 and 2.4.5, in this study I used the radii derived from
the detection masks (rmax) to define the extraction regions, instead of the commonly used 1.5×
rp (see e.g. Conselice 2003), as the aperture at rmax is more likely to enclose the low surface-
brightness features in the outskirts of morphologically disturbed galaxies. This was previously
demonstrated in Figure 2.1 and the effect is also apparent in Figure 2.10: the aperture at rmax
appears to be more suitable than the traditional definition in incorporating the outermost
regions of some of the galaxies, mostly those viewed far from the face-on orientation.
Another factor that can affect the parameter values is the choice of the centroid. This
is particularly important in the case of the asymmetry measure, where the difference of 1
pixel can result in the corresponding value of A being altered by as much as 50% (Conselice
et al., 2000). In this work, during the measurement of A, I used the minimum asymmetry
centroid, following Conselice et al. (2000), however I took a slightly different approach to its
computation (see section 2.2.2). In the case of the clumpiness parameter, the measurement
will also depend on the choice of the smoothing kernel used; furthermore, the inner part of
the galaxy should be disregarded during the measurement and the choice of that inner region
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Figure 2.7: The dependance of the relation between the two measures of radii, r20 and SDSS’ (1.5×
rp)/5, (used to define the inner cut-out apertures in the measurement of the clumpiness parameter (see
Section 2.4.5)) on the Sérsic index.
(including its size and position) will also affect the resulting values of S. As described in
Section 2.4.5, I defined both the smoothing kernel and the inner region in terms of the growth
curve radius, r20 rather than the traditionally used (1.5× rp)/5 and I centred the inner region
on the highest-intensity pixel, OImax . In Figure 2.10, the definitions of the different radii can
be compared for all galaxies in the CIG sample: the grey apertures correspond to r20, the
purple apertures to (1.5× rp)/5. In some cases the radii are only marginally different, but in
others they differ significantly. Within the test sample it appears that the discrepancies tend to
be more pronounced in galaxies with high central concentration of light and this can be seen
when plotting the ratio of the two radii against the Sérsic index (Figure 2.7). For galaxies with
n∼ 1 the ratio is close to 1 and it increases for those with higher n, reaching values as high as
3-4. Upon visual inspection of the galaxy images, I decided to use r20 as it is directly related
to the size of the brightest inner regions in galaxies and is therefore less likely to overestimate
the the size of the inner cut-out aperture. For consistency, the same radius was also chosen to
define the size of the smoothing kernel.
Finally, the commonly used definitions of both A and S include noise correction terms
(Equations 2.8 and 2.9), which account for the asymmetry/clumpiness in the background at
the galaxy position. In practice, this involves choosing a representative region of empty sky
near the galaxy and repeating the measurement of either A and S within the empty aperture.
Again, this could introduce discrepancies between the values of A and S found in different
studies. Clearly, both measures are strongly dependent on the choice of their computation
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method; therefore, in this test I focused on the bulk rather than individual values of A and S
and their general behaviour when measured using different definitions.
In Figure 2.8 the values of A and S measured in this work for the galaxies in the CIG sample
are compared with previous studies, including the NSA and HT08. In the study by HT08, both
parameters were calculated within 1.5× rp and the centres of the galaxies were considered to
be the barycentres of their light distributions. The authors do not make further specifications
regarding their methodology other than referring to the parameter definitions in Conselice
(2003). It is therefore reasonable to assume that the parameters were calculated using the
traditional approach described above, and consequently, to expect the values to deviate from
those obtained in this work. I was unable to find information on the precise definitions of A
and S used to obtain the values found in NSA.
Figure 2.8: The r-band values of the asymmetry and clumpiness parameters, computed for the galaxies
in the CIG sample, compared with literature (HT08 and NSA). Left: asymmetry values found in this
work (yellow) with and without the sky background correction (closed/open symbols, respectively)
compared with HT08 (black) and NSA. Right: clumpiness values found in this work (yellow) and the
corresponding reduced values obtained by cutting out the inner aperture at r20 (red), in each case with
and without the sky background correction (closed/open symbols, respectively), compared with HT08
(black) and NSA. The corresponding Spearman rank correlation coefficients (ρ) and the p-values are
displayed in an order that matches that of the data in the legend.
Given the differences in methods of the computation of both A and S, the values I measured
are in a reasonable agreement with the NASA-Sloan Atlas. However, there is a notable incon-
sistency in the values from both this work and NSA when compared with HT08, particularly
in the case of the asymmetry parameter. It appears that these large discrepancies in the values
of A are likely to be a noise correction effect: when disregarding the noise correction term
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(or, equivalently setting A = A+ Abgr) I obtained values within a similar range to HT08. This
suggests that the asymmetry measured by HT08 does not account for the contribution from
the background asymmetry (or that the correction was calculated in a manner significantly
different from my approach and that used by the authors of the NSA).
Figure 2.8 shows how the values of S measured for the galaxies in the CIG sample changed
when considering different variations of the definition of the parameter, and how they compare
with the values found by HT08 and NSA. Generally, there appears to be a moderate correlation
between the values measured in this work and those found in NSA, and they span similar
ranges. Again, the correlation weakens when comparing the values of HT08 with NSA (even
when disregarding the outliers with S > 0.6). As there are a number of variables associated
with the definition of S, it is not as straight forward as in the case of A to determine the main
cause of the differences in the values obtained by different studies.
Summary
The tests outlined above have shown that the parameters are in a good agreement with litera-
ture values, in particular, those for which the methods of computation used in this work are not
considerably different from those used in the other studies (the r-band magnitude, surface-
brightness profile, concentration index). The remaining parameters (Sérsic index, asymmetry,
clumpiness) were found to agree with literature reasonably well, given the notable discrepan-
cies in the computational methods. As the tested parameters were chosen such that to ensure
the coverage of the code’s main components, the outcomes of the test can be extrapolated
to the remaining elements of the analysis, and consequently, the code may be regarded as a
reliable image analysis tool. The correct working of the code is further confirmed in Chap-
ter 3, where the structural parameters computed for a sample of normal galaxies of different
morphological types fall in the range of the expected values, based on previous studies.
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Figure 2.9: SDSS false colour images of all galaxies in the CIG sample ordered according to their central
concentration (from highest to lowest, as measured by the concentration index (Section 2.4.2)). For
each galaxy the values of the following parameters are displayed: Sérsic index (n), concentration index
(C), asymmetry parameter (A), clumpiness parameter (S), reduced clumpiness parameter (Sc , with
inner aperture at r20 discarded from the measurement). See Section 2.4 for the computation details.
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Figure 2.10: SDSS r-band images of all galaxies in the CIG sample, cleaned of all potentially con-
taminating sources that lie outside the boundaries defined by the detection masks (see Section 2.2.1).
The galaxies are ordered by their central concentration (from highest to lowest, as measured by the
concentration index (Section 2.4.2)). For each galaxy, the circular apertures defined by the following
radii are shown: grey - r20; black - r80; blue - rmax ; yellow - SDSS’ 1.5× rp; purple - SDSS’ (1.5× rp)/5.
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Shape asymmetry of galaxies with post-merger
signatures
To investigate the suitability of the new measure of morphological asymmetry introduced
in this study I used it, along with the preexisting measures of galaxy structure described in
Section 2.4, to analyse the SDSS r-band images of galaxies with and without morphological
disturbance and features pointing to dynamical galaxy interactions. In this chapter, I present
the results of the analysis. First, I investigate how the standard structural parameters mea-
sured for morphologically disturbed galaxies compare with those found for normal early and
late galaxy types (Section 3.2). Then, in Section 3.3, I discuss the advantage of using the
newly introduced morphological indicator, the shape asymmetry, over the literature measures
of galaxy structure in detecting faint asymmetric tidal features in the outskirts of galaxies.
The results presented in this chapter, excluding Sections 3.3.1 and 3.3.2, are contained within
Section 4 of Pawlik et al. (2016).
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3.1 Sample selection
To find galaxies with disturbed morphologies within the SDSS catalogues, I pre-selected a
representative sample of local (0.01 < z < 0.07) galaxies with spectroscopic signatures of a
recent starburst (as described in detail in Section 4.1), with SDSS Petrosian magnitude within
the range: 14.5 < mr < 17.7. Then, I visually examined the r-band as well as the composite
false-colour images provided by the SDSS to select galaxies with various level of morphological
disturbance and tidal features, pointing to an ongoing or past merger. The final sample consists
of 70 objects including:
• 20 galaxies with highly disrupted morphologies featuring tidal signatures of a past (or,
in a few cases, ongoing) major merger (MORPH1-20);
• 10 galaxies with moderate morphological disturbance, with no prominent tidal features
but slight deviations from regular appearance (MORPH21-30);
• 10 galaxies with no signs of morphological disturbance (MORPH31-40).
It is important to note that the sample was selected for the purpose of method testing and
calibration, rather than for a scientific study of galaxy structure and morphology, and is not
representative of the entire population of local starburst and post-starburst galaxies (there is a
notable fraction of ongoing mergers within the sample, which is a consequence of the selection
criteria chosen specifically for purposes of the method testing).
In order to compare the values of the morphological and structural parameters obtained
for the disturbed galaxies with those found for galaxies which do not show any sign of dis-
turbance, I also included in the sample a control subset of normal galaxies selected using the
same constraints on redshift and magnitude as above and additional cuts on the SDSS fracDev
parameter. The fracDev parameter describes the fraction of the total galaxy light fit by the de
Vaucouleurs profile (with the total light being represented by the model magnitude, computed
from a linear combination of de Vaucouleurs and exponential fits to galaxy light profiles) and
can be used to distinguish between early- and late-type morphologies. The subset of normal
galaxies selected in that way includes:
• 15 early-type galaxies with fracDev¾ 0.99 (MORPH41-50, MORPH61-65);
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• 15 late-type galaxies with fracDev¶ 0.1 (MORPH51-60, MORPH66-70).
Finally, I split the normal galaxies based on their inclination, into face-on (b/a> 0.5, MORPH41-
60) and edge-on (b/a< 0.5, MORPH61-70) subsets. As the visual appearance of the individual
galaxies within the sample is of particular importance to this study, in Figures 3.1 and 3.2, I
present the SDSS composite false-colour images of all 70 galaxies in the sample.
3.2 The standard measures
Through automated analysis of the r-band galaxy images, I computed a range of structural
parameters, including (n, C , A, S, G and M20, see Section 2.4). It has been shown by previ-
ous studies that these standard structural parameters provide a robust way of discriminating
between early and late galaxy types, and some of them (A, G-M20) are also useful for identify-
ing galaxies with double nuclei undergoing a merger (see e.g. Sérsic (1963); Bershady et al.
(2000); Conselice et al. (2000); Conselice (2003); Lotz et al. (2004); Hernández-Toledo et al.
(2008)). In this section, I investigate the suitability of these parameters in identifying galaxies
in the post-coalescence stages of a merger.
The subsets of galaxies with normal early- and late-type morphologies (objects MORPH41-
70) as well as mergers with double nuclei (objects MORPH2, MORPH8, MORPH9, MORPH11)
provide a good standard for the measures of galaxy structure as they are expected to show
values of n, C , A, S, G and M20 within well established ranges. Based on previous studies, the
parameters tend to show the following values for the different galaxy types:
• Sérsic index, n: the values measured for late-type galaxies tend to be lower (n ∼ 1.0),
than those found for the earlier types (typically 2.0 ® n ® 4.0) as shown by e.g. Sérsic
(1963);
• Concentration index, C: correlates with the Sérsic index and usually ranges between
2.0 and 5.0 with highest values characteristic of early-type galaxies (C > 4.0), decreasing
to C ∼ 3 for later types; (Bershady et al., 2000; Conselice, 2003; Hernández-Toledo et al.,
2008);
• Asymmetry, A: all normal galaxies tend to have low A, usually with values around 0.1
found for early-type galaxies, increasing towards later types to around 0.2; (Conselice
et al., 2000; Conselice, 2003; Hernández-Toledo et al., 2008); galaxies with double
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Figure 3.1: SDSS’ false-colour images of galaxies in the MORPH sample including: 1-8 - SB/PSB
galaxies with highly disrupted morphologies; 9-20 - galaxies with highly disrupted morphologies and
elongated tidal features; 21-30 - SB/PSB galaxies with moderate/low morphological disturbance; 31-
35 - SB/PSB galaxies with regular morphologies.
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Figure 3.2: SDSS’ false-colour images of galaxies in the MORPH sample - cont. Images 36-40 show
SB/PSB galaxies with regular morphologies. Additionally, early- and late-type galaxies, identified based
on the SDSS’ fracdev parameter, are shown: ETG’s - 41-50, 61-65 (edge-on); LTGs - 51-60, 66-70 (edge-
on).
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bright nuclei tend to have higher values of A - some studies use a threshold A≥ 0.35 to
identify ongoing mergers (see e.g. Lotz et al. 2008);
• Clumpiness, S: ranges from around 0.1 to 0.3 with a tendency to increase towards later
morphological types (Conselice, 2003; Hernández-Toledo et al., 2008);
• Gini index, G: there is a clear separation in the values of G found for early- and late-type
galaxies, with G ∼ 0.6 for the former and G ∼ 0.4 for the latter (Abraham et al., 2003;
Lotz et al., 2004);
• Moment of light, M20: anti-correlates with n and C , with low values characteristic of
early-type galaxies (M20 ∼ −2.0) and somewhat higher (∼ −1.5) for later types; values
as high as M20 ∼ −1.0 together with high G indicate presence of a double nucleus,
characteristic of ongoing galaxy mergers (Lotz et al., 2004).
In Figure 3.3, I present the six standard structural parameters computed for all galaxies
in the sample. The values obtained for the normal galaxies as well as those found for the
ongoing mergers with double nuclei are in a general agreement with the corresponding values
quoted by previous studies. Early-type galaxies appear more concentrated1 (2.0 ® n ® 5.0
and 3.5 ® C ® 4.5) and have smoother light distribution (S ∼ 0.1) than the later types
(0.5 ® n ® 2.0, 2.5 ® C ® 3.5, S ∼ 0.2) and in both cases, the measured values of A indicate
high structural symmetry under a rotation about 180o (0.05 ® A ® 0.2). The early- and
late-type galaxies are also easily distinguishable from one another in the G −M20 space, with
the former showing more unequal light distributions (0.6 ® G ® 0.8) and the presence of a
compact bright nucleus (M20 < −2), compared with the latter (0.4 ® G ® 0.6, M20 > −2).
The separation between early and late types in the A− S parameter space is not as strong as
expected from the results of previous studies. This is likely a consequence of the relatively
regular appearance and lack of prominent spiral arms in the late-type subsample (which can
be seen in the images in Figure 3.2), leading to low values of both A and S. Galaxies with
double nuclei are distinguishable from the rest of the sample in both G − M20 and A− M20
parameters spaces.
1The low values of the Sérsic index (n = 0.5) found for the three outliers among early-type galaxies are a result of
a failure in the fitting process, in which case the parameter should be forced to one of the pre-defined boundary
values. The reason for the failure of the fit is not clear; however, an investigation of the fitting process has revealed
that if a problem is encountered, the algorithm forces the parameter values to the lower boundary, regardless of
the object’s light distribution. In other words, the low values assigned to the early-type galaxies should not
be interpreted as indicative of low central concentration. In fact, considering the corresponding values of the
concentration parameter, C , it is clear that these galaxies are in fact highly concentrated objects.
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Within the studied sample, galaxies with faint tidal features and morphological disturbance
are not easily distinguishable from galaxies with regular morphologies, when using the six
standard structural parameters (with the exception of ongoing mergers with bright double
nuclei, as already mentioned). In the case of the ongoing mergers, care should be taken when
interpreting the values of n and C measured within the Rmax as they correspond to the entire
(still merging) system rather than its individual components. Given the presence of a double
nucleus in such galaxies, the notion of the central concentration does no longer have the same
meaning, compared to galaxies hosting a single nucleus.
For most parameters, the values found for the disturbed galaxies span the whole range
characteristic of both early- and late-type galaxies, with a slight bias toward the former. The
exceptions are G and A. The values of G found for the morphologically disturbed galaxies are
predominantly very high, similar to those found for highly-concentrated early-type galaxies.
It is important to note that this tendency for such high values of G could be a result of the
sample selection as all morphologically disturbed galaxies were selected from a parent sample
of galaxies with central spectroscopic signatures of a recent starburst. This is supported by the
fact that the morphologically undisturbed galaxies selected from the starburst mother sample
also show high values of G. Additionally, in morphologically disturbed galaxies the values of
G could potentially be enhanced by the presence of the faint tidal features which tend to add
to the inequality in the light distributions in those galaxies (see Lotz et al. 2004). However,
the fact that equally high values of G were found in the morphologically undisturbed galaxies
with signs of a recent starburst suggests that this contribution of faint tidal features to the
measured values of G should not be substantial. This is investigated further in Section 3.3.1.
In the C −M20 parameter space, many of the galaxies with highly disrupted morphologies
lie above the sequence defined by the normal galaxies. As expected (see Lotz et al. 2004),
those with highest M20 tend to be merging systems with double nuclei; however, this is not
the case for the remaining outliers, for which lower values of M20 indicate a single nucleus. It
is more likely that the presence of faint tidal features in these galaxies enhances the measured
values of the concentration index, by increasing the size of the outer growth curve radius
(r80). As a result, the galaxies show higher values of C than expected given the extent of
their brightest central regions, quantified by M20. However, it appears that not all galaxies
with tidal features are affected by their presence in that way, and it remains unclear how one
should relate the location of the galaxies in the C − M20 parameter-space to the level of the
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Figure 3.3: Relations between the six standard morphology measures (Sersic index [n], concentration
index [C], asymmetry parameter [A], clumpiness parameter [S], Gini index [G], and the M20 statistics)
computed for the galaxies in the visually selected sample of galaxies with various morphologies. The
meaning of the symbols is described in the legend where galaxies are split into subsets based on the
visual image inspection and the values of the SDSS fracdev parameter.
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Figure 3.4: Relations between the six standard measures of structure (Sersic index [n], concentration
index [C], asymmetry parameter [A], clumpiness parameter [S], Gini index [G], and the M20 statis-
tics) computed for the galaxies in the visually selected sample of galaxies with various morphologies,
with colour coded values of the shape asymmetry parameter. As in 3.3, the red circles and blue rhom-
bus correspond to early- and late- type galaxies, respectively, and the star symbols to (post-)starburst
galaxies.
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morphological disturbance in their outskirts. I will revisit the effect of the tidal features on the
concentration parameter in Section 3.3.1 as well as in the next chapters, when discussing the
results obtained for larger galaxy samples.
The difference between morphologically disturbed galaxies (MORPH1-20) and galaxies
with regular morphologies (MORPH31-40) is most noticeable in the values of A. However,
only 35% (7/13) of the galaxies with high morphological disturbance are well separated from
the galaxies with undisturbed morphologies. Visual inspection of the images of these galaxies
shows that those with highest A tend to be ongoing mergers with bright double nuclei, very
well separated from the rest of the galaxies in the M20 − A parameter space. The values of A
measured for galaxies with some but not particularly high level of morphological disturbance
(MORPH21-30) are comparable with those obtained for galaxies with regular morphologies
(MORPH31-40).
In conclusion, as expected based on previous studies, the standard literature measures
considered in this work provide a robust way of distinguishing between different types of
normal galaxies as well as for identifying ongoing galaxy mergers with double nuclei. However,
it appears that these measures are not suitable for recognising galaxies in the post-coalescence
merger stages, where the dominant feature that distinguishes them from other galaxy types
are the faint tidally-induced structures residing their outskirts. In the following section, I show
how galaxies in these late merger stages can be identified using the shape asymmetry.
3.3 The shape asymmetry
Computed through modification of the standard asymmetry measure (Section 2.5), the shape
asymmetry, AS , is designed to detect asymmetric low surface-brightness features in the out-
skirts of galaxies. In Figure 3.4, I reproduced the set of plots from Figure 3.3 with the visually
identified classes of the (post-)starburst galaxies substituted with colour-coded values of the
shape asymmetry. Bearing in mind the slight differences in the colour schemes, the colour dis-
tributions of the data points in the are in close resemblance with one another, which illustrates
that the shape asymmetry may be used as a proxy for the level of morphological disturbance
in galaxies (so long as the disturbance forms an azimuthally asymmetric pattern).
In Figure 3.5 I compare the values of AS , with both the standard parameter, A as well as
the outer asymmetry, Ao, obtained for the visually selected sample of galaxies with various
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Figure 3.5: The measures of asymmetry for galaxies in the visually selected sample of galaxies with
various morphologies. For legend, see Figure 3.3. In the top and middle panel, the standard asymmetry
measure (A) is compared with the outer Ao and shape AS asymmetries (see Sections 2.4.3, 2.4.4 and 2.5
for definitions). In the bottom panel, the values of the shape asymmetry computed for 90o- and 180o-
rotation are shown. In this case, the galaxies with significant morphological disturbance (navy blue)
are further split into those with shell-like features (filled symbols) and elongated tails (open symbols).
The dotted lines represent the empirical threshold at 0.2 (see text) and the dashed-dotted line, the
one-to-one relation.
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morphologies. In all three plots, the dotted lines represent a threshold value at 0.2 I chose
to separate between galaxies with regular morphologies and those with high morphological
disturbance and tidal features (as identified by visual inspection of the images). This thresh-
old was chosen empirically based on the fact that all galaxies in the sample that were visually
classified to have regular morphologies have AS < 0.2 while AS ≥ 0.2 is found only for galaxies
with some level of morphological disturbance. This is also true for A and Ao, (with an excep-
tion of one edge-on early-type galaxy having a slightly higher Ao). When considering such
chosen threshold value, Figure 3.5 shows that the shape asymmetry performs significantly
better at separating galaxies with highest degree of morphological disturbance and tidal fea-
tures (MORPH1-20) from those with regular morphologies (MORPH31-40), than the other
two asymmetry measures. More quantitatively, AS ≥ 0.2 identifies 95% of the galaxies with
high morphological disturbance and prominent tidal features (MORPH1-20; dark blue sym-
bols), compared with 35% and 45% identified by A and Ao, respectively. Visual inspection
of the single galaxy omitted by AS revealed that the features present in its structure form an
azimuthally symmetric pattern, explaining the corresponding low value of AS . The new mea-
sure also identifies 60% of galaxies with moderate/low level of morphological disturbance
(MORPH21-30; violet symbols), which is not achieved by either of the other two parameters.
The ability of AS to detect galaxies with asymmetric tidal features comes from its indepen-
dence of the measure of the flux distribution within the galaxies. In contrast, both A and Ao are
flux-weighted quantities and are therefore dominated by the central high surface-brightness
regions in the galaxies. This effect becomes particularly important in the case of A, which does
not exclude the inner aperture enclosing the bright galaxy nucleus, as it is done in the case
of Ao. This means that high values of A will point to asymmetric light distribution within the
brightest galaxy parts, which could be caused for example by the presence of a double nucleus
in ongoing mergers. In contrast, a post-merger galaxy with single bright nucleus and faint
tidal features is unlikely to be characterised by high values of A. This can be seen in Figure
3.5, where the galaxies which have been identified through visual image inspection to have a
multiple nucleus (marked with open circles) have the highest values of A within the sample
(see objects MORPH2, MORPH8, MORPH9, MORPH11 in Figure 3.1).
In the case of Ao, the contribution from multiple bright nuclei will not be as significant
as in the case of A, as the inner aperture containing the brightest 50% of the total light is
not included in the measurement. The parameter should therefore be more sensitive to the
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low-surface brightness regions than A; however, as shown in Figure 3.5, it fails to identify
more than half of the galaxies with highly disrupted morphologies. While investigating the
outer asymmetry parameter, I considered definitions with the inner cut-out apertures contain-
ing as much as 80% and 90% of the total flux, however, I find no significant improvement
over Ao with the inner 50% cut out. This is likely to be a consequence of the variety of the
light distributions characteristic for different galaxy types: while for some objects cutting out
the inner circular aperture containing 50% of the total light may be optimal for separating
its asymmetric outer features, it may prove insufficient or excessive for other galaxies. It is
therefore not obvious how to define the inner circular aperture that would yield the most ro-
bust result. I also investigated an alternative approach to measuring the outer asymmetry by
considering a central region with its geometry defined by the distribution of pixels accounting
for a given fraction of the total galaxy light. Such approach proves inadequate as it appears
that the irregularity of the inner region defined in such a way artificially increases the value
of Ao.
In conclusion, the new measure of morphological asymmetry proves to be a better indicator
of the presence of faint asymmetric tidal features in the outskirts of galaxies than any of the
standard structural parameters considered in this work, including the standard asymmetry
parameter (A) and its modifications designed to measure the asymmetry of galaxy outskirts
(Ao). The parameters can be used for identifying galaxies in the post-coalescence stage of a
merger provided that there are asymmetric tidal features or morphological disturbance present
in their outer parts. It is important to note that the shape asymmetry is purely a measure of
the overall ‘shape’ of a galaxy image, meaning that it contains information about the global
galaxy morphology only. To study the asymmetry of the internal structure of galaxies, including
multiple nuclei, bright star-forming regions, etc., using the standard asymmetry parameter (A)
is a more suitable approach.
3.3.1 The effect of tidal tails on the structural parameters
The shape asymmetry can be used to explore the effect of the presence of disturbance and
tidal features in galaxies on the measured values of the structural parameters. Disturbed mor-
phology may affect the measured values of some of the structural parameters in ways that can
make their interpretation uncertain. As mentioned in Section 3.2, in the case of the Gini index,
the tidal features (extended regions of low-surface brightness) will add to the inequality in the
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Figure 3.6: Relations between the shape asymmetry and the six standard measures of structure (Sersic
index [n], concentration index [C], asymmetry parameter [A], clumpiness parameter [S], Gini index
[G], and the M20 statistics) computed for the galaxies in the test sample. For legend, see Figure 3.3.
light distribution causing an increase in the value of G, which may lead to false conclusions
about the central concentration of light in the galaxies. The presence of disturbance in the
structure of galaxies leads to irregular shapes and light distributions that deviate from those
represented by circular apertures, used for the computation of the Sérsic index and the con-
centration index. Furthermore, in the case of the concentration index, extended tidal features
may increase the size of the outer growth curve radius used in the measurement, therefore
leading to a higher value of C .
In Figure 3.6, I show the relation between the shape asymmetry parameter and the six
standard structural measures considered in this work, computed for the galaxies in the test
sample. There appears to be no relation between the Sérsic index and the shape asymmetry
measured for the sample, suggesting that there is no obvious effect of the tidal features on
the values of the Sérsic index. Galaxies with the highest values of AS tend to have very high
C and G; however, there is no notable trend in either of the two parameters with AS . As
for the remaining three parameters: M20 measures the extent of the brightest parts of the
galaxy, independently of its shape and that of its substructures, and both A and S are designed
to measure irregularity and disturbance in galaxy structure, and therefore, in their case this
discussion is not relevant.
It appears that that there is no strong relation between the presence of tidal features in
galaxies and the values of their measured structural parameters. To ensure that this finding is
not biased by sample selection, this subject will be revisited in further chapters, when consid-
ering larger galaxy samples.
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3.3.2 Using AS with the structural parameters: the AAS M20 volume
Combining the information contained within different measures of morphology and structure
is a common approach that can help distinguish between galaxies with different character-
istics (see e.g. Conselice 2003; Lotz et al. 2004). As described in the previous sections, the
shape asymmetry provides a way of detecting galaxies with faint asymmetric tidal features
and disturbance in their outskirts, and the standard asymmetry measure contains information
about the disturbance of the inner galaxy parts. In Figure 3.7, I investigate how by considering
both asymmetry parameters together with the moment of light (M20), which allows for iden-
tifying systems with double nuclei, one can differentiate between galaxies with different kind
of disturbance in their structure and morphology, which could be associated with different
merger stages. In the plot, the galaxies with significant morphological disturbance/tidal fea-
tures (shown in navy blue) occupy the region with moderate/high AS but their location in the
A−M20 plane varies depending on the distribution of light within them. Ongoing mergers with
multiple nuclei show higher values of M20 than galaxies with only one nucleus. Finally, the
single nucleus itself may or may not be morphologically disturbed, and this will be reflected
in the corresponding value of A.
Below, I highlight the main regions of importance within the AAS M20 volume and comment
on what the corresponding parameter values are likely to imply about the galaxy characteris-
tics:
• - high/moderate AS , high A, high M20 - galaxies with disturbance/tidal features in their
outskirts and a double nucleus (characteristic of ongoing mergers - see objects MORPH2,
MORPH8, MORPH9, MORPH11 in Figure 3.1);
• - high/moderate AS , moderate A, low M20 - galaxies with disturbance/tidal features
in their outskirts and a single, also disturbed, nucleus (characteristic of early post-
coalescence stages of a merger - see objects MORPH12, MORPH17, MORPH19, MORPH10
in Figure 3.1);
• - high/moderate AS , low A, low M20 - galaxies with disturbance/tidal features in their
outskirts and a symmetric single nucleus (characteristic of a more evolved post-merger
- see e.g. objects MORPH3, MORPH4, MORPH15 in Figure 3.1);
• - low AS , low A, low M20 - galaxies with regular morphology (isolated galaxy or an
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evolved merger remnant);
• - low AS , low/moderate A, moderate M20 - galaxies with no disturbance in the outskirts
and an extended nucleus - e.g. isolated late-type galaxy with a shallow light profile - see
MORPH68 in Figure 3.2;
• - low AS , high A, high M20 - galaxies with no disturbance in the outskirts and a dis-
turbed/double nucleus (uncommon, possibly in the case when the tidal features are not
visible at the given viewing angle; could also indicate a contaminating foreground source
or artefact, e.g. MORPH7 in Figure 3.1);
Distinguishing between these different characteristics may be a step toward a fully automated
classification of galaxies and could ultimately lead to a method for using quantifying the age of
a merger solely through morphological and structural image analysis. I will revisit the AAS M20
volume through application to simulated images of galaxy mergers (Chapter 6).
Figure 3.7: The distribution of the galaxies in the MORPH sample in the three-dimensional parameter
space defined by A, AS and M20. For legend, see Figure 3.3
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3.3.3 Significance of rotation angles
As shown in the study by Conselice et al. (2000), while normal galaxies tend to show strong
180o-symmetry, their projected shapes can introduce significant asymmetry under a 90o-rotation
(A90), which can serve as a good approximation for the directly measured minor-to-major axes
ratio for statistical galaxy samples. In particular, galaxies seen ‘face-on’ show A90 ∼ 0, while
those observed at higher inclination angles tend to reveal higher values, with A90 reaching
around 0.8 for the edge-on systems. Applied to the binary detection masks (Section 2.2.1),
the concept of asymmetry under a 90o-rotation can be useful for distinguishing between the
variety of shapes of the total features in galaxies. This can be seen in Figure 3.5. As expected,
normal galaxies are separated in AS(90) according to their axial ratio: galaxies with b/a < 0.5
tend to show higher asymmetries under a 90o rotation. Considering galaxies with morpho-
logical disturbance, AS(90) is roughly correlated with AS(180), and the large scatter is caused by
the variety of shapes of the tidal features. Within the investigated sample, galaxies with elon-
gated tail-like features tend to have both higher AS(180) and AS(90), while those with shell-like
features show generally lower AS(90). Further tests of this aspect of the shape asymmetry will
involve samples of galaxies with representative tidal features of different types (e.g. Atkin-
son et al. 2013), galaxies in earlier stages of a merger (e.g. Ellison et al. 2013), as well as
simulated galaxy mergers (Johansson et al., 2009)).
3.3.4 Image quality effects on AS
As the binary detection masks are created by assembling connected pixels above a specific
threshold (see Section 2.2.1), the measurement of AS will depend on the choice of that thresh-
old. Therefore, the limiting surface brightness of the images used to create the detection masks
will be the measurement’s main limitation. For the SDSS r-band images, the optimal detection
threshold was found to be 1σ above the sky background level, corresponding to µl im= 24.7
mag/arcsec2. Figure 3.8 shows example results of tests of the dependence of AS on the limiting
surface brightness of the galaxy images by increasing the detection threshold. Upon inspection
of the resulting binary masks and the corresponding values of the shape asymmetry I found
that, unsurprisingly, the behaviour of AS with limiting magnitude depends on the geometry of
the features in the outskirts of the galaxies, as well as on their brightness relative to the central
regions. For objects showing significant morphological disturbance, AS changes substantially
and in general follows a decreasing trend with decreasing µl im (i.e. with decreasing image
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Figure 3.8: Dependence of the measurement of AS on the image quality (Section 3.3.4) for four galaxies
in the visually sample of galaxies wit various morphologies, selected to represent different morpholog-
ical classes (see Section 4.2.1). The horizontal panels contain: 1 - SDSS false-colour images with the
corresponding numeric classifications; 2 - variation of AS with the limiting surface brightness (r-band);
3-6 - the corresponding galaxy detection masks, computed using threshold values equal to 1σ, 2σ, 3σ
and 5σ above the sky background level estimate (r-band).
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depth). Conversely, in the case of galaxies with regular morphologies, this effect is much less
pronounced and the measurement of AS shows stability against varying µl im. Therefore, it
should be kept in mind when interpreting the values of shape asymmetry of galaxies that its
measurement depends of the depth of the image. This is not surprising and and the same
effect is true for visual image inspection. The SDSS data used in this study are deep enough in
surface brightness to reveal faint structures in the outskirts of galaxies; however, using images
of higher limiting magnitude could disclose further even fainter features in their morphology,
consequently influencing their measured values of AS .
3.4 Summary
Upon the morphological and structural analysis of a visually-selected sample of 70 galaxies
with various morphologies, I found that the standard measures of galaxy structure commonly
used to distinguish between early- and late-type galaxies as well as ongoing mergers (n, C , A,
S, G, M20 - see Section 2.4), are not as suitable for identifying galaxies in the post-coalescence
merger stages. This study shows that this can be achieved by means of the shape asymme-
try - a new morphological indicator introduced in this work, which provides a robust way of
detecting faint asymmetric tidal features and morphological disturbance in the outskirts of
galaxies, common signatures of a past merger. It is the most successful automated method to
date at distinguishing between galaxies with asymmetric tidal features and those with regular
morphologies. The shape asymmetry is solely a measure of morphology and contains no infor-
mation about the galaxies’ internal surface brightness distribution. If one wishes to measure
the asymmetry of the internal galaxy structure, computing the standard asymmetry parameter,
A, is a more suitable approach.
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4
Morphological and structural evolution of
galaxies through the (post-)starburst phase
Galaxies that have experienced a merger-induced starburst are likely to show morpho-
logical disturbance and tidal features whose form will evolve as the galaxies transit through
the short-lived (post-)starburst phase. Furthermore, as indicated by a number of models, in
the case of the equal-mass merger, the remnant should evolve structurally to finally resem-
ble a highly-concentrated passively evolving red-sequence galaxy. In this part of my work I
focused on quantifying the morphological and structural evolution of galaxies through the
(post-)starburst phase, with an aim to observe the decline in post-merger features that might
be expected following the starburst. The goal of this study was to constrain the relation be-
tween galaxy mergers and the observed spectroscopic signatures of recent starburst in nearby
galaxies and to study the role of (post-)starburst galaxies in the build up of the present-day
red sequence. In what follows I first describe the sample selection of galaxies in the (post-
)starburst phase (Section 4.1), then describe their morphology characterised through visual
image inspection (Section 4.2) and present the results of quantitative image analysis involving
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the use of the automated proxies (Section 4.3). Additionally, I discuss how the similarity in
the trends in morphology, as a function of the starburst age, obtained through both visual and
automated image analysis of the evolutionary (post-)starburst sample further verifies the reli-
ability of the shape asymmetry in measuring the level of morphological disturbance in galaxies
(Section 4.4). Finally, in Section 4.5, I discuss the implications of the presented findings on
the galaxy evolution. The results presented in this chapter are contained within Section 5 of
Pawlik et al. (2016).
4.1 Sample selection
The sample used in this study is a representative sample of local (post-)starburst galaxies, the
same as that studied by Wild et al. (2010) to measure a ∼ 200 Myr offset between starburst
and accretion onto the central supermassive black hole, and by Rowlands et al. (2015) to trace
the evolution of the dust and gas contents in the (post-)starburst galaxies. It is an evolutionary
sample of galaxies at different stages of the starburst/post-starburst phase, which I collectively
refer to as ‘(post-)starburst’ or ‘SB/PSB’ and it consists of 400 local galaxies which have under-
gone a strong recent burst of star formation. The galaxies were selected from a parent sample
of 70,000 galaxies with 0.01< z < 0.07 and spectral SNR/pixel greater than 8 in the g-band,
from the spectroscopic SDSS DR7 catalog. The parent sample was selected to contain bulge
dominated galaxies, with stellar surface mass density1 µ > 3× 108Mkpc−2. This is similar
to imposing a stellar mass limit of 1010M (Kauffmann et al., 2003b).
4.1.1 Selecting galaxies with a recent starburst
Galaxies that have undergone recent starbursts can be identified by means of two spectral
indices computed within the spectral region 3175Å-4150Å through a principal component
analysis (PCA, Section 1.4.3), which identifies and groups together features that vary simulta-
neously as the balance of stars in a spectrum changes (Wild et al., 2007). By combining multi-
ple Balmer absorption lines together with information from the shape of the stellar continuum
(4000Å break and Balmer break strength) the PCA provides a much higher signal-to-noise ra-
tio spectral index to identify an excess of A stars compared to the traditionally used Hβ or
Hδ absorption lines. Furthermore, contrary to the traditional approach, the PCA selection is
purely on stellar continuum features does not exclude galaxies with identifiable nebular emis-
1µ= M∗/(2pir2)where r is the physical radius [kpc] containing 50% of the SDSS’ z-band Petrosian flux and the stel-
lar mass measured from the 5-band SDSS photometry (J. Brinchmann, http://www.mpa-garching.mpg.de/SDSS)
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Figure 4.1: Distribution of the 70,000 local bulge-galaxies selected from SDSS DR7 in the PC1-PC2
spectral index space (grey-scale). Galaxies with the strongest (post-)starburst signatures in the sample
are over-plotted in colour. Different regions of the spectral index space contain galaxies with different
recent star formation histories. These are indicated by the acronyms: SB, PSB, RS and BC, and corre-
spond to starburst, post-starburst, red sequence and blue cloud, respectively. The blue and red boxes
mark the region used for selection of the control samples of blue-cloud and red-sequence galaxies,
respectively.
sion lines, preventing from preferential selection against post-starburst galaxies with residual
star-formation and potential narrow-line AGN hosts.
Figure 4.1 shows the distribution of the two spectral indices (PC1- describing the shape of
the spectrum and PC2 - containing the information about the Balmer absorption line strength)
for all 70,000 bulge-dominated galaxies in the parent sample. These spectral features con-
strain the recent star formation history of the galaxy (Kauffmann et al., 2003a). As described
in Section 1.4.3, the red-sequence galaxies are found on the right side due to their strong
4000Å break and the less numerous blue-cloud galaxies are located on left side of the plot.
Starburst galaxies show a deficit of Balmer absorption and weak 4000Å breaks due to their
stellar populations being dominated by the short-lived O/B stars (bottom left corner) but as
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the balance of the stellar populations changes with time elapsed from the starburst, the Balmer
absorption features increase in strength relative to the 4000Å break and they migrate over to
the post-starburst phase (Dressler & Gunn, 1983; Couch & Sharples, 1987).
The evolutionary sample of (post-)starburst galaxies was selected from the extreme left of
the PC1/2 distribution - this is where the galaxies which have undergone the strongest recent
starburst are expected to appear as they should exhibit the most extreme spectral features. The
starburst ages of those galaxies were estimated using Bayesian fitting of Bruzual & Charlot
(2003) stellar population synthesis models to the spectral indices. First, starburst ages for
all galaxies with PC1< −4 or PC2> −0.5 were estimated from the median of the posterior
distribution, assuming a star formation history comprising an old stellar population and recent
starburst. To identify a statistically complete sample of the strongest (post-)starburst galaxies,
objects with the lowest PC1 value were selected in such way as to ensure that the final sample
contains 20 galaxies per 30 Myr time interval, up to a starburst age of 600 Myr. The reason for
this age restriction is that, at older ages, there is a degeneracy between starburst age and burst
strength using PC1 and PC2 alone (see Wild et al. 2007). The final sample of 400 SB/PSB
galaxies are plotted in Figure 4.1, with starburst age coded by colour.
I stress that the selection of the evolutionary sample of (post-)starburst galaxies was not
part of this work and further details of the selection procedure can be found in Wild et al.
(2010) and Rowlands et al. (2015). Prior to the analysis, I visually examined the SDSS r-
band images of all galaxies within the sample and found 65 in which the presence of bright
field stars could contaminate the measurements of the structural parameters. As a result, the
corresponding galaxies were discarded. This does not affect the statistical property of the
sample as the rejected galaxies were distributed evenly throughout all starburst age bins.
4.1.2 Control samples
In order to relate the structure and morphology of galaxies evolving through the (post-)starburst
phase to that of both star-forming and passively evolving galaxies, I selected control samples
of 49 and 53 galaxies from the blue-cloud and red-sequence regions of the PC1-PC2 spectral
index space, respectively. For that purpose, I used the same bulge-dominated base sample
as that used during the selection of the (post-)starburst galaxies. The control samples contain
random selections of galaxies from the regions centred on the most populated parts of the blue
cloud and the red sequence (marked by the blue/red box in Figure 4.1). To eliminate potential
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biases due to varying galaxy structure with the stellar mass within both the blue cloud and the
red sequence, I ensured that the stellar mass distributions of the galaxies within the control
samples are well matched with that of the oldest (0.5< tSB < 0.6 Gyr) post-starburst galaxies
in the main galaxy sample.
4.2 Qualitative morphology
Although this work’s main focus is on automated image analysis, to verify the reliability of the
automated approach, comparison with results obtained using visual classification is required.
One of the main difficulties with the visual approach to galaxy classification is that, due to its
qualitative nature, it is challenging to define strict criteria for distinguishing between different
galaxy types. Consequently, the reproducibility of the obtained classification suffers. It is
important for the classification criteria to be chosen carefully and, in the case when a number
of reviewers is involved in the process, their individual opinions need to be combined in a
meaningful way in order to obtain a representative final classification. In Section 4.2.1, I
describe the visual classification criteria used during the image inspection and introduce a
definition of the post-merger candidate based on an appropriate combination of the individual
visual classifications. Then, in Section 4.2.2, I present the results obtained using the visual
inspection of the r-band images of the (post-)starburst galaxies.
4.2.1 Visual image inspection
The main objective of the visual image inspection was to identify galaxies with morpholog-
ical disturbance and tidal features, suggestive of a past merger event and to classify them
according to the prominence and nature of the disturbance. The classification was carried out
independently by five reviewers and involved examining the SDSS r-band images of the galax-
ies. Prior to the classification, the information about the recent star-formation activity of the
galaxies was left undisclosed to avoid potential biases. This was done by adding to the sample
300 star-forming galaxies, selected from the blue cloud (Section 4.1.2) and randomising all
images. The star-forming galaxies were selected from the blue cloud region of the PC1-PC2
space, from the same bulge-dominated parent sample as the post-starburst galaxies (i.e. they
cover the same redshift and stellar mass range). In this case, blue-cloud galaxies were more
appropriate than red-sequence, because, due to their star formation activity, they are more
likely to show disturbance in their structure than galaxies in which the star formation has al-
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Figure 4.2: False colour images (top panel) and SDSS r-band images (bottom panel) of selected galax-
ies in the evolutionary (post-)starburst sample (Section 4.1). From left to right: the first four galaxies
represent the morphological classes described in Section 4.2.1 and the last one is an example of a galaxy
with not easily classifiable morphological disturbance (but definitely identified as a disturbed object).
The numbers correspond to the numeric classes assigned to the galaxies by the five reviewers.
ready quenched. Each galaxy was then classified according to a pre-agreed scheme comprising
four classes with the following characteristics:
• CLASS 0 - galaxies with regular morphology, characteristic of normal galaxy types; no
signs of morphological disturbance or features pointing to a merger;
• CLASS 1 - galaxies with low/moderate level of morphological disturbance but lack of
prominent tidal features characteristic of a recent major merger; possibly an evolved
merger remnant or a system in which the tidal disturbance is concealed when observed
from the given viewing angle;
• CLASS 2 - galaxies with significant morphological disturbance with prominent tidal fea-
tures elongated in shape (e.g. tails, arms), pointing to a recent major merger;
• CLASS 3 - galaxies with significant morphological disturbance with prominent shell-like
tidal features, also pointing to a recent major merger.
Examples of the different classes of galaxies are presented in Figure 4.2, with the numeric
classes assigned by the 5 classifiers. In Table 4.1, I show the number of galaxies assigned
to each class based on the agreement between different numbers of classifiers: the first row
contains the number of (post-)starburst galaxies assigned to each of the four classes by no
less than all reviewers, and the second and third, the number obtained when considering
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agreement between a minimum of four and three reviewers, respectively.
Post-merger candidate
Most of the analysis in this study does not necessitate a detailed description of the morpholog-
ical features in galaxies and a more general classification is preferred, with a goal to determine
whether a given galaxy is likely to have undergone a recent merger. Looking at the different
classes described in Section 4.2.1, the obvious choice for a definition of a post-merger candidate
seems to be to consider galaxies that fall in either of the Classes 2 and 3 as they both indicate
presence of prominent tidal features suggesting a recent merger. However, as some merger
processes could be less morphologically disruptive than others and the resulting merger signa-
tures can fade away on different timescales (see e.g. Lotz et al. 2008), moderate morphological
disturbance should not be disregarded. Furthermore, in some cases the final class assigned to
a given galaxy may be debatable as it is sometimes challenging to accurately describe the na-
ture and prominence of the morphological features in a qualitative way. Therefore, I decided
to take Class 1 into consideration as well and I defined a post-merger candidate as a galaxy
that has been assigned with a Class 1, 2, and/or 3 by a minimum of three reviewers.
Figure 4.3 highlights the effects of using this definition of the post-merger candidate in
comparison with an alternative one, which excluded Class 0 galaxies, as well as consider-
ing different combinations of the individual visual classifications (i.e. requiring a minimum
agreement between four and five classifiers). In the figure, the galaxies in the (post-)starburst
sample are split according to their starburst age and counted separately in 100 Myr-wide bins.
In each bin, I counted the number of post-merger candidates using the different definitions
and combining the individual classifications in different ways. As expected, each approach
leads to a somewhat different outcome but the discrepancy seems to be least noticeable in the
youngest bin, where all definitions generally agree well and point to the presence of signifi-
cant morphological disturbance and tidal features. The discrepancy is more noticeable in the
successive age bins, where the galaxies with significant morphological disturbance seem to
make up a smaller fraction of all post-merger candidates. Here, the opinions of the individual
reviewers generally do not agree so well.
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4.2.2 Characterising the morphology of (post-)starburst galaxies
The visual inspection has shown that the galaxies in the (post-)starburst sample have a variety
of morphologies. Many, in particular those of young starburst ages, show signs of a past merger,
including disturbed morphologies and presence of tidal features. Ongoing mergers with double
bright nuclei constitute only ∼ 3% of the whole sample.
In Figure 4.4, I investigate the dependance of the presence and prominence of the mor-
phological disturbance on the starburst age. Aside from the (post-)starburst galaxies, I also
present the results obtained for an additional sample of 300 continuously star-forming galax-
ies (used during the visual inspection, Section 4.2.1), which I treat as a control sample for the
purpose of the visual classification. In the figure, I defined ζ as the fraction of (post-)starburst
galaxies identified as post-merger candidates, calculated independently in different age bins
with a width of 0.1 Gyr.
Figure 4.4 shows that about 45% of the youngest (post-)starburst galaxies (tSB < 0.1 Gyr)
in the investigated sample show features characteristic of a recent merger. Furthermore, there
is a clear decreasing trend in ζ as a function of starburst age. For the older post-starburst
galaxies (tSB > 0.3 Gyr), the value of ζ is consistent with the fraction of morphologically dis-
turbed galaxies found in the control sample selected from the blue cloud, which was estimated
to be ∼ 30%, in agreement with previous studies (e.g. Vergani et al. 2010 found ∼ 20−30%).
Verification of the final classification
As discussed earlier, the individual classifications were not always in agreement and for a
compromise of reliability and detectability I decided to consider the combined classification,
in which case ζ includes only those galaxies for which at least three reviewers agreed on the
presence of morphological disturbance. In Figure 4.4, in addition to the chosen combination
of the individual classifications, based on agreement between a minimum of 3 reviewers, I
also present the alternative combinations, where agreement between a minimum of 4 and 5
reviewers was required. Classifications based on the agreement between less than 3 classifiers
are not considered as they do not provide reliable description of the galaxy morphology. The
individual classifications are shown in black. It is clear that, apart from the gain in the galaxy
count (Table 4.1) the chosen approach to combining the classifications is also the only one that
results in a final classification that is representative of the individual opinions of the reviewers.
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Table 4.1: The results of the visual classification of the (post-)starburst galaxies. The the top row
shows the number of galaxies assigned with a given class by all five reviewers; the middle and bottom
panels - the number of galaxies assigned with a given class by a minimum of four and three reviewers,
respectively. For each case, the last column contains information about the number galaxies for which
the individual classifications were not in a sufficient agreement to be classifiable.
Reviewers in agreement CLASS 0 CLASS 1 CLASS 2 CLASS 3 Unclassifiable
All 162 5 16 2 150
Minimum 4 191 26 24 9 85
Minimum 3 213 54 29 21 18
Figure 4.3: Dependence of the post-merger count in the (post-)starburst sample on the definition of the
post-merger candidate and the method of combining the individual classifications. The total number
of galaxies in each 100 Myr-wide age bin is plotted in black. The coloured lines represent the number
of post-merger candidates in each bin computed when using different approaches, with the final choice
for the purpose of this work shown by the solid blue line.
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Figure 4.4: Top: The result of the visual classification of the (post-)starburst galaxies (SB/PSB). ζ
represents the fraction of SB/PSB galaxies with morphological disturbance per starburst age bin (solid
line), where at least three reviewers agreed on the presence of morphological disturbance (Classes
1,2,3). The dotted lines correspond to the classifications by individual reviewers. Additionally, the
dashed line shows the fraction of normal star-forming galaxies (SF) in the control sample selected from
the blue cloud, which show morphological disturbance on a similar level. The starburst age does not
apply to the control sample. Bottom: Different combinations of the individual classifications of 335
galaxies in the evolutionary (post-)starburst sample. The black symbols correspond to individual clas-
sifications obtained by the five reviewers. The red, orange and yellow symbols represent the combined
classification based on agreement between a minimum of 3, 4 and 5 reviewers.
The shaded regions represent the binomial 1σ confidence intervals, calculated following Cameron
(2011).
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4.3 Quantitative measures of morphology and structure
For a quantitative description of their morphology and structure I analysed r-band images
of the (post-)starburst galaxies using a range of automated proxies, described in Section 2.4
and 2.5. Figure 4.5 shows the relations between the measured parameters, including the
Sérsic index (n), concentration (C), asymmetry (A), clumpiness (S), the Gini index (G), the
moment of light (M20) and the shape asymmetry (AS). Additionally, I considered the control
samples of star-forming and quiescent galaxies selected from the blue cloud and red sequence,
respectively (Section 4.1.2). The results are presented in Figure 4.5, where the parameters are
plotted against one another.
In each parameter space, the majority of the (post-)starburst galaxies tend to occupy similar
regions as both star-forming and quenched galaxies in the control samples. However, there is a
considerable number of (post-)starburst galaxies, particularly those with young starburst ages,
with high of AS , indicating presence of morphological disturbance and tidal features, compared
with the control samples. Furthermore, there is an excess of galaxies with higher values of A
than those found for the star-forming and quenched galaxies. This suggests asymmetry in the
brightest regions of the galaxy, potentially related to a double or disturbed nucleus.
Another way the (post-)starburst sample differs from the control samples is visible in their
distribution in the C − M20 parameter space. A considerable fraction of the (post-)starburst
galaxies, again particularly those with young starburst ages, lie above the C − M20 relation
formed by the star-forming and quenched galaxies in the control samples. Out of those outliers,
the few with highest values of M20 are are galaxies with double nuclei (M20 ∼ −1, also easily
distinguishable in the G − M20 parameter space, see Lotz et al. 2004). However, there is a
notable number of outliers with moderate and low values of M20, characteristic of the star-
forming and quenched galaxies. These are more likely to be galaxies with morphological
disturbance and tidal features but with a single nucleus. As mentioned in Section 3.2, such
disturbed morphologies may ‘artificially’ increase the values of the concentration index by
extending the size of the outer growth-curve radius used in its measurement, therefore the
galaxies show higher values of C than expected, based on the extent of their brightest regions,
measured by M20.
In Figures 4.6 and 4.7 I explore the evolution of the individual parameters measured for
the (post-)starburst galaxies as a function of the starburst age (tSB). For each parameter,
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Figure 4.5: Relations between the shape asymmetry and the six standard measures of structure (Sersic
index [n], concentration index [C], asymmetry parameter [A], clumpiness parameter [S], Gini index
[G], and the M20 statistics) computed for the galaxies in the evolutionary (post-)starburst sample. The
galaxies with the youngest (tSB < 0.2Gyr) and oldest (tSB > 0.4Gyr) starbursts are marked in darker
and lighter shades of grey, respectively, and the control samples are shown in blue (star-forming) and
red (passive).
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I present individual values per galaxy as well as median values calculated in 0.1-Gyr wide
age-bins (left column). I also quote the Spearman rank correlation coefficient (ρ) and the
corresponding p-value (two-sided significance of the coefficient’s deviation from zero). All
values are summarised in Table 4.2, where I comment on the general characteristics the (post-
)starburst sample, inferred from the individual parameters. The results obtained for the control
samples are plotted at arbitrary ages for clarity. Figures 4.6 and 4.7 also show distributions
of the parameter values: in the middle panel, for the youngest (tSB ≤ 0.1Gyr) and oldest (0.5
Gyr≤ tSB ≤0.6 Gyr) (post-)starburst galaxies in the sample, and in the right panel, for the
oldest (post-)starburst galaxies and the control sample of star-forming and quiescent galaxies.
For quantitative comparison of the distributions, I performed the Kolmogorov-Smirnov (K-S)
test. I present the obtained values of the K-S statistics (D) and the corresponding probability
of the null hypothesis (p) in the respective panels of Figure 4.6 and 4.7.
Based the measured values of the parameters, the typical structural and morphological
properties of the sample can be inferred and the temporal evolution of the properties can
be traced. Considering the measures pertaining to the central concentration of light and the
spatial extent of the galaxy nucleus, we find that most galaxies in the (post-)starburst sample
show characteristics of early-type disks with prominent bulges: 1.0 ® n ® 3.0, 3.0 ® C ® 4.0,
M20 peaking around -2.0 (see e.g. Bershady et al. 2000; Conselice 2003; Lotz et al. 2004;
Hernández-Toledo et al. 2008). The non-negligible number of outliers with higher C is likely
to be a consequence of the presence of disturbance and tidal features in the outskirts of some
(post-)starburst galaxies. I discuss this further in Section 4.3.1. As suggested by the low values
of the Spearman rank correlation coefficient, there is no significant trend in either n, C or M20
with the starburst age (see left panel of Figure 4.6). This points to little evolution of the
central light concentration over the first 0.6 Gyr after the starburst. Direct comparison of the
young and old (post-)starburst galaxies shows little difference in the distributions of all three
parameters (middle panel, Figure 4.6) and the K-S test suggests that they are likely to have
been drawn from the same distribution. Comparison of the old subset with the control sample
of red-sequence galaxies reveals that, after 0.6 Gyr since the last starburst, the (post-)starburst
galaxies are not as highly concentrated as the galaxies populating the red sequence; rather,
their structure (n, C , M20) bears closer resemblance to star-forming blue-cloud galaxies (right
panel, Figure 4.6).
Considering the values of the Gini index, one may naively arrive at a contradictory con-
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clusion, as the values of G found for the youngest galaxies in the (post-)starburst sample are
as high as those obtained for the red-sequence galaxies (right panel, Figure 4.6). However,
contrary to n, C and M20, the Gini index is a measure independent of the position of the
galaxy centre or assumptions of azimuthally symmetric apertures, and it is designed to pick
out changes in the light distribution on a pixel scale. It should therefore be more sensitive to
subtle and/or off-centre variations in the light distribution following a starburst than the other
three measures. Consequently, a high value of G does not necessarily corresponds to high C ,
either because the highly concentrated regions are located away from the galaxy centre or
because the majority of the galaxy’s light is contained within a very compact region on a scale
smaller than r20, which would not necessarily be picked up by C .
As shown in Figure 4.6, G shows the most pronounced correlation with the starburst age
out of all measures considered in this work (ρ = −0.3, p < 10−4). Its decreasing tendency
suggests that the (post-)starburst galaxies tend to be characterised by a more uniform light
distribution as they age, which could be a consequence of the decaying starburst as well as, to
some extent, diminishing prominence of the faint tidal features. I do not attribute this effect to
contribution from multiple nuclei as their presence is indicated only in a few galaxies by M20
(the dearth of objects with M20 ≥ −1.0 and also confirmed during the visual inspection of the
galaxy images - only ∼ 3% classified as ongoing mergers). The fading central starburst could
also be the reason for the increasing tendency in the values of the clumpiness parameter as a
function of starburst age (left panel, Figure 4.7). As the amount of light from the star-bursting
region decreases, the less luminous off-centre star-forming regions are being uncovered, in-
creasing the resulting values of S (although the parameter excludes the brightest regions from
the measurement, the size of the excluded central aperture will not always coincide with that
of the star-bursting region).
In Figure 4.7, the disturbance in the structure and morphology of the (post-)starburst
galaxies is quantified through the measures of rotational asymmetry, A, Ao and AS . As shown in
the left column of the figure, all three measures show a decreasing tendency with the starburst
age but the trend is most pronounced in the case of the shape asymmetry (ρ = −0.2, p ∼ 10−4).
Furthermore, there is an excess of young galaxies with high values of AS , when comparing
the distributions of AS for the young and old subsets of the (post-)starburst sample (middle
panel, Figure 4.7). In Table 4.3, I compare the number of such ‘outliers’, and its evolution
with the starburst age, for all three measures of asymmetry using a threshold value of 0.2
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Figure 4.6: Left column (from top to bottom): the evolution of the Sérsic index (n), concentration
index (C), moment of light (M20) and the Gini index (G) as a function of the starburst age for the
(post-)starburst sample (grey data points). The blue/red data points correspond to the control samples
of blue-cloud/red-sequence galaxies which are placed on the x-axis at a range of arbitrary starburst
ages for clarity. In all cases, the circles correspond to the values for individual galaxies and stars show
the median values per age-bin. The horizontal lines show the median level, calculated in the youngest
age-bin of the post-starburst sample. The shaded regions mark the young and old subsets of (post-
)starburst galaxies. The numbers quoted are: the Spearman rank correlation coefficient (ρ) and the
two-sided significance of the coefficient’s deviation from zero (p). Middle column: histograms show the
distributions of the parameter values for the young (dark grey) and old (light grey) (post-)starburst
galaxies. Right column: histograms correspond to the old post-starburst galaxies (light beige) and the
blue-cloud/red-sequence galaxies (blue/red). D is the K-S statistic and p, the corresponding probability
of the null hypothesis.
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Figure 4.7: Left column (from top to bottom): the evolution of the measure of clumpiness (S), standard
asymmetry (A), outer asymmetry (Ao) and shape asymmetry (AS) as a function of the starburst age
for the (post-)starburst sample (grey data points). The blue/red data points correspond to the control
samples of blue-cloud/red-sequence galaxies which are placed on the x-axis at a range of arbitrary
starburst ages for clarity. In all cases, the circles correspond to the values for individual galaxies and
stars show the median values per age-bin. The horizontal lines show the median level, calculated in the
youngest age-bin of the post-starburst sample. The shaded regions mark the young and old subsets of
(post-)starburst galaxies. The numbers quoted are: the Spearman rank correlation coefficient (ρ) and
the two-sided significance of the coefficient’s deviation from zero (p). Middle column: histograms show
the distributions of the parameter values for the young (dark grey) and old (light grey) (post-)starburst
galaxies. Right column: histograms correspond to the old post-starburst galaxies (light beige) and the
blue-cloud/red-sequence galaxies (blue/red). D is the K-S statistic and p, the corresponding probability
of the null hypothesis.
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Table 4.2: A summary of the results of the structural and morphological analysis of galaxies in the evo-
lutionary (post-)starburst sample, presented in Figures 4.6 and 4.7. First column: the typical range of
parameter values measured for the sample; second column: the trend with the starburst age quantified
by the Spearman rank correlation coefficient and the corresponding p-value; third column: comments
on the mean sample characteristics inferred from the measured parameter values and their trends with
the starburst age.
Parameter’s Trend with tSB Comments
typical range (Spearman) (mean characteristics)
1.0® n® 3.0 ρ ∼ 0.06 - light profiles of early disks;
p ∼ 0.23 - no significant trend with starburst age;
2.9® C ® 4.2 ρ ∼ 0.04 - moderate concentration;
p ∼ 0.41 - no significant trend with starburst age;
−2.4® M20 ® −1.4 ρ ∼ −0.05 - moderately extended single nucleus;
p ∼ 0.32 - no significant trend with starburst age;
0.55® G ® 0.8 ρ ∼ −0.29 - highly unequal light distribution;
p < 1.0e−4 - moderate decline with starburst age;
0.08® S ® 0.2 ρ ∼ 0.20 - moderately ‘clumpy’ light distribution;
p ∼ 1.0e−4 - moderate increase with starburst age;
0.05® A® 0.25 ρ ∼ −0.18 - moderate decline
p ∼ 1.0e−3 with starburst age;
0.05® Ao ® 0.25 ρ ∼ −0.14 - moderate decline
p ∼ 0.01 with starburst age;
0.05® AS ® 0.35 ρ ∼ −0.20 - moderate decline
p ∼ 1.0e−4 with starburst age;
Table 4.3: Age evolution of the fraction of (post-)starburst galaxies with asymmetric features (outliers
in the plots of A, Ao or AS , see Figure 4.7) . The percentages in the second and third column correspond
to the fraction of SB/PSB galaxies with tSB < 0.3 and tSB > 0.3, respectively, with values of either A,
Ao or AS greater than 0.2. The last column shows the trends with the starburst age quantified by the
Spearman rank correlation coefficient and the corresponding p-value.
Asymmetry measure Young outliers Old outliers Trend p-value
(tSB < 0.3) (tSB > 0.3) (Spearman)
Asymmetry (A) 16% 8% ρ ∼ −0.71 p ∼ 0.11
Outer asymmetry (Ao) 27% 14% ρ ∼ −0.77 p ∼ 0.07
Shape asymmetry (AS) 43% 21% ρ ∼ −0.94 p ∼ 10−3
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(defined in Section 3.3). I find the highest number of outliers for the shape asymmetry: 43%
of galaxies with tSB < 0.3 Gyr show AS ≥ 0.2, and the fraction drops to 21% for galaxies with
tSB > 0.3 Gyr. In the last column of Table 4.3, I quantify the trend in the fraction of galaxies
with A, Ao and AS greater than 0.2 as a function of the starburst age (in 0.1 Gyr-wide age
bins), by means of the Spearman rank correlation coefficient and the corresponding p-value.
The statistical test confirms a decreasing tendency in the case of all three measures, with a
particularly strong and statistically significant trend found for the shape asymmetry (ρ ∼ −0.9,
p ∼ 10−3). This declining number of the outliers suggests that, as (post-)starburst galaxies
age, they are less likely to show the presence of asymmetric features in their structure. In the
case of the standard asymmetry measure, the observed decline is likely to be associated with
changes in the symmetry of the central bright galaxy regions. Such changes can be associated,
for example, with the coalescence of the nuclei during a merger. The decrease in the number
of galaxies with high shape asymmetry, as a function of the starburst age, points directly to
morphological transformations and implies that (post-)starburst galaxies are less likely to show
the presence of tidal features, characteristic of post-mergers, as they age. Conceptually, the
evolution of both asymmetry measures in the (post-)starburst galaxies conforms to the merger-
induced starburst scenario.
4.3.1 The effect of the tidal features on the measured structural parameters
Due to the presence of disturbance and tidal features in a large fraction of the (post-)starburst
galaxies, the values of the structural parameters measured for the sample should be inter-
preted carefully. Although the analysis of the visually selected sample of galaxies with various
morphologies suggests that the presence of faint tidal features should have a marginal effect
on the measured structural parameters in (post-)starburst galaxies (Section 3.3.1), here, I ad-
dress this concept again by investigating the behaviour of selected parameters, including C and
G, in the morphologically disturbed and undisturbed subsets of the (post-)starburst sample,
separately.
In Figure, 4.8 I present the values of C and G (as well as AS , for comparison with the
visual classification) measured for the galaxies in the (post-)starburst sample, as well as for
the star-forming and quiescent galaxies in the control samples. The top three panels show the
results for only those galaxies, which have been visually classified as morphologically disturbed
(Classes 1, 2, 3; Section 4.2.1); the bottom three, those that have been classified as regular
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Figure 4.8: Age evolution of AS , G and C , measured in the r-band, for a subset of morphologically
disturbed (Classes 1, 2, 3; top three rows) and undisturbed (Class 0; bottom three rows) galaxies in
the (post-)starburst sample. For more detailed description of the plots, see the caption of Figures 4.6
and 4.7.
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Figure 4.9: Age evolution of the Gini index, measured in the g-band, for subsets of morphologically
disturbed (Classes 1, 2, 3; top row) and undisturbed (Class 0; bottom row) galaxies in the (post-
)starburst sample. For more detailed description of the plots, see the captions of Figures 4.6 and 4.7.
(Class 0). As expected, the subsets appear significantly different when considering their values
of AS: the disturbed galaxies show a notable excess of high values (AS > 0.2), particularly at
young starburst ages and a declining trend with the starburst age (ρ ∼ −0.33,p < 10−3),
whereas those with regular morphology tend to have AS < 0.2 and show no evolution with
the starburst age (ρ ∼ −0.07,p ∼ 0.37).
The values of the Gini index are not notably different between the subsets of disturbed
and regular galaxies and in the case of the latter, the declining trend in G with starburst age
(ρ ∼ −0.26, p ∼ 10−4) is only slightly less pronounced than that found for the total sample
(ρ ∼ −0.29, p < 10−4). This implies that the contribution to the trend from the presence of
tidal features is indeed inconsequential and the time-evolution of the inequality in the light
distribution within (post-)starburst galaxies is predominantly an effect of the decaying star-
burst. This is further supported by Figure 4.9, which shows the evolution of the Gini index
measured in the g-band. In this band, there is more light from younger stars with shorter
lifetimes than in the case of the r-band, and therefore, the effects of the decaying starburst
should be more apparent. As expected, there is a stronger declining trend in G as a function
of the starburst age in the g-band (ρ ∼ −0.34, p < 10−4). The observed trends in the values
of G suggest that the photometric signatures of the most recent starburst, in both the r-band
and the g-band, fade away after ∼ 0.5 Gyr after the starburst event.
When discussing the properties of the whole (post-)starburst sample, I associated the non-
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negligible number of outliers with high values of the concentration index with the presence of
disturbance and tidal features in the structure of some galaxies in the sample. The distribution
of the values of C in the morphologically disturbed (post-)starburst galaxies substantiates this
claim: it appears that the majority of the outliers do indeed belong to the disturbed subset and
therefore, it is reasonable to assume that the corresponding high values of the concentration
index is induced by the presence of extended tidal features in the outskirts of the galaxies.
For the remaining subset of galaxies with regular morphologies, the values of C reflect the
true level of concentration in the central galaxy parts. The observed trend is somewhat more
notable than that found for the whole sample, although still not particularly strong (ρ ∼
0.14, p ∼ 0.07).
4.4 Detecting tidal features - visual versus automated approach
Both visual and automated analyses of the (post-)starburst galaxies point to a declining number
of galaxies with morphological disturbance as a function of the starburst age. In this section,
I present a quantitative comparison of the two approaches. In Figure 4.10 I compare the
values of ζ (the fraction of (post-)starburst galaxies identified as post-merger candidates, per
starburst-age bin) obtained for the (post-)starburst galaxies through visual image inspection
to those computed during the automated analysis. As in Section 4.2, I define ζ as the fraction
of (post-)starburst galaxies classified as post-merger candidates in a given age bin.
In the top panel, in the case of the visual approach, I consider the definition of the post-
merger candidate adopted throughout this study, which allows for high as well as moderate
morphological disturbance (Classes 1, 2, 3 - see Section 4.2.1). For the automated classifica-
tion, I consider the threshold value introduced in Section 3.3 where an automatically selected
post-merger candidate has AS ≥ 0.2. As discussed in Section 3.3, this threshold allows for de-
tection of not only galaxies with high morphological disturbance and prominent tidal features
but also those with moderately disturbed morphologies. Thus, a direct comparison of the two
methods is meaningful. The figure shows that the automated classification computed using
the shape asymmetry reproduces almost exactly the result of the human visual classification,
pointing to a declining trend in ζ with the starburst age. For comparison, I also show ζ ob-
tained using the standard asymmetry parameter with the sample threshold (A≥ 0.2). In this
case, the notable deviation from the result obtained through visual classification is not surpris-
ing as the parameter is related to the asymmetry of the central light distribution, challenging
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Figure 4.10: Comparison of the visual and automated classifications. The plots show the fraction of
the (post-)starburst galaxies identified as post-merger candidates, per age-bin (ζ). In the top panel,
in the visual approach, ζ was calculated by considering galaxies with moderate or high morphological
disturbance (Classes 1, 2, 3) and in the automated approach, those with AS ≥ 0.2(dashed blue line)
or A≥ 0.2 (dotted grey line). In the bottom panel, a more conservative definition of the post-merger
candidate was considered when calculating ζ (visual: Classes 2, 3; automated: AS ≥ 0.25 or A≥ 0.25).
The shaded regions show the binomial 1σ confidence intervals, calculated after Cameron (2011).
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to identify by eye, rather than that of the faint outskirts of the galaxies.
In the bottom panel of Figure 4.10, I investigate an alternative definition of the post-merger
candidate with more conservative constraints. In the case of the visual classification, only those
galaxies with notable morphological disturbance are considered (Classes 2, 3). I also adjusted
the definition of an automatically selected post-merger candidate by increasing the value of
the threshold to AS ≥ 0.25 (chosen to provide a reasonable separation between the galaxies
with high and moderate disturbance - see Figure 3.5). As shown in Figure 4.10, there is still a
reasonable agreement between the visual and automated classifications in this case, despite the
less obvious choice of the threshold. Perhaps a more detailed study, involving a more extended
sample of morphologically disturbed galaxies and a visual classification performed by a larger
number of reviewers, could help placing constraints on the threshold value that could be used
to distinguish between galaxies with various levels of morphological disturbance.
Going back to the post-merger candidate definition used in this work (Classes 1, 2, 3 and
AS ≥ 0.2), a more quantitative comparison of the visual and automated approaches is shown
in Figure 4.11. ζ∗ is defined as the fraction of the visually identified post-merger candidates
which have AS ≥ 0.2, calculated in a given age bin. In the figure, above each data point,
I show the total number of galaxies (both with and without morphological disturbance) per
age bin. The declining trend in ζ∗ means that the agreement between visual and automated
classification weakens with the starburst age. This is caused by the automated approach being
designed to measure the degree of asymmetry of the tidal features present in galaxies, and the
visual approach classifying galaxies according to the presence/absence of such features only
(disregarding their asymmetry). It should also be noted that the final visual classification was
computed by combining individual classifications obtained by different reviewers and is there-
fore affected by the differences in opinions between them, which could introduce discrepancy
between the visual and automated approaches. This effect, however, should not correlate with
the starburst age and can be eliminated by involving a larger number of classifiers.
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Figure 4.11: The fraction of (post-)starburst galaxies visually classified as post-merger candidates
(Classes 1, 2, 3), for which AS ≥ 0.2. The shaded regions show the binomial 1σ confidence intervals,
calculated after Cameron (2011).
4.5 Implications on galaxy evolution
In this section I summarise the main findings of the work described in this chapter and discuss
their implications on the role of galaxy mergers in inducing starburst events in massive star-
forming galaxies, and that of the (post-)starburst galaxies in the build up of the red sequence.
4.5.1 From merger to (post-)starburst
The results of this study are in a general agreement with previous works on the presence of
tidal features in the structure of some galaxies with post-starburst stellar populations (Zablud-
off et al. 1996; Blake et al. 2004; Goto 2005; Yang et al. 2008). A more quantitative com-
parison is in this case not feasible due to the different selection criteria and image limiting
magnitudes, and consequently, different sample properties compared to previous studies. In
this work, I considered an evolutionary sample of post-starburst galaxies, including those with
ongoing star-formation and those with no signs of such activity, and traced the changes in their
morphology as a function of the starburst age. However, the results of the previous studies
refer only to post-starburst galaxies with no spectroscopic evidence of ongoing star-formation.
A comparison of the different selection procedures is presented in the next chapter. For the
evolutionary sample of (post-)starburst galaxies, I found that at least 45% of galaxies with the
youngest starbursts (tSB < 0.1) show disturbed morphological features, and that this fraction
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decreases with the starburst age to about 25− 30% at tSB > 0.3 Gyr (Figure 4.10). This lat-
ter number is consistent with the fraction of ordinary blue-sequence galaxies that are visually
classified as being morphologically disturbed (Figure 4.4), and therefore the morphological
disturbance may not be directly related to the starburst event. I also found a declining trend
in AS in visually classified morphologically disturbed galaxies, with the youngest starbursts
showing a range of values between ∼ 0.2 and 0.6, and most galaxies with tSB > 0.4 Gyr
having AS ∼ 0.2 (Figure 4.8). This provides a qualitative fit to the post-merger evolution of
galaxies seen in numerical simulations where, after the coalescence of the two progenitors,
the morphological disturbance of the system gradually fades away leading to formation of a
morphologically undisturbed remnant (see e.g. Lotz et al. 2008).
To investigate the role of galaxy mergers in inducing starburst events in massive star-
forming galaxies, one must focus on galaxies which have experienced a very recent starburst,
so that at the time of observations their tidal features have not begun to vanish. Consequently,
I considered the youngest age-bin in Figure 4.10 to deduce that, based on the investigated
sample, at least 45% of the (post-)starburst signatures can be attributed to galaxy mergers.
The remaining 55% could be a result of 1) either galaxy mergers/interactions under conditions
that fail to produce tidal signatures in the remnants’ morphologies or, 2) some other internal
processes. The fact that 30% of the control sample of the star-forming blue-sequence galax-
ies are also visually identified as being morphologically disturbed, additionally indicates that
either galaxy mergers in the local Universe can cause significant morphological disturbance
without inducing a central starburst, or morphological disturbance is not a good predictor of
a past merger event. In the next chapter, this analysis is extended to a larger sample of galax-
ies with young starbursts, more representative of the entire galaxy population in the nearby
Universe.
4.5.2 From (post-)starburst to quiescence
Upon the analysis of the evolutionary (post-)starburst sample, I found that typically they have
structural properties characteristic of early-type disks (reflected in the values of n, C and M20),
with values similar to those found for the star-forming blue-cloud galaxies and somewhat lower
than those measured for the quiescent red-sequence galaxies in our control samples. The
average structural properties of the sample are largely a result of the sample selection, where I
considered only those galaxies with high stellar surface mass densities. More interestingly, the
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lack of evolution in these structural parameters with the starburst age, and in particular the
values of n, C and M20 for the oldest (post-)starbursts, leads me to conclude that the (post-
)starburst galaxies do not attain the highly concentrated structure typical for red-sequence
galaxies within the first 0.6 Gyr following the merger. This does not necessarily imply that they
are not heading toward the red sequence; rather that further structural evolution is required
for the final transition to occur. A similar conclusion was found in a recent study of a subset
of the (post-)starburst galaxies used in this work, by Rowlands et al. (2015), who found a
substantial amount of gas remaining in these galaxies, that could sustain star formation for
at least 0.5-1 Gyr after the starburst, suggesting that the post-starburst galaxies are not yet
fully quenched. In the next chapter, I address a sample of galaxies with older starburst ages
(tSB > 0.6 Gyr) and compare it with a more extended sample of red-sequence galaxies.
Finally, I note the following caveats in my conclusions. The galaxies in the control sample
of red-sequence galaxies to which I compare the (post-)starburst galaxies, have not neces-
sarily quenched their star formation recently and could have undergone some structural evo-
lution while residing on the red sequence. Furthermore, present-day red-sequence galaxies
that experienced their star-formation quenching earlier in the history of the Universe, when
the physical conditions were significantly different to the present day, may not be representa-
tive of the ‘future’ red-sequence which will form once the residual star-formation within the
present-day (post-)starburst galaxies have ceased. Further study of (post-)starburst galaxies
at higher redshifts will address that problem.
4.6 Summary
The quantitative analysis of the morphological evolution of local (post-)starburst galaxies with
high stellar mass surface density, revealed that the fraction of (post-)starburst galaxies which
show features characteristic of post-mergers declines with the starburst age. For the mor-
phologically disturbed (post-) starburst galaxies, the median values of AS decrease with the
starburst age, and most galaxies with starbursts older than 0.5 Gyr have AS below∼ 0.2. These
trends fit qualitatively to the galaxy merger picture, where the morphological disturbance of
the merger remnant gradually fades away as the remnant evolves through the dynamically
cold post-merger phase (see e.g. Lotz et al. 2008). Assuming that morphological disturbance
in galaxies is an indicator of a past merger, both visual classification and the automated ap-
proach (using the shape asymmetry) suggest that at least 45% of the youngest (post-) starburst
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galaxies in the sample (tSB < 0.1 Gyr) have originated in a merger.
The distribution of light within the (post-)starburst galaxies shows a high level of inequal-
ity, as measured by the Gini index, (particularly for those with youngest starbursts), and this
inequality decreases with the starburst age. This is likely a consequence of the decaying star-
burst, which is an argument in favour of the evolutionary sequence of galaxies through the
(post-)starburst phase. The structural analysis of the sample revealed moderate central con-
centration, light profiles and spatial extent of the brightest regions characteristic of early-
type disk galaxies, as expected for the sample selection, and showed no significant evolution
of these properties over 0.6 Gyr following the most recent starburst. This suggests that the
(post-)starburst galaxies do not attain the highly concentrated structure characteristic of the
present-day red sequence galaxies during the first 0.6 Gyr after the starburst.
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Dependence of the evolutionary path on stellar
mass
Correlations between physical properties of local galaxies and their stellar mass, as well as
differences in the assembly history of low- and high- mass galaxies, suggest that the evolution-
ary paths of galaxies with different masses are not the same. It is reasonable to expect for the
properties of galaxies in the short-lived (post-)starburst phase to be different in different mass
regimes. In this chapter, I present a study of the structure and morphology of (post-)starburst
galaxies with a range of stellar masses, including an investigation of the frequency of occur-
rence and prominence of merger signatures in different stellar mass ranges, with an aim to
constrain how the role of galaxy mergers in inducing (post-)starburst signatures varies with
galaxy mass. I also focus on the differences in the structural properties of the more and less
massive (post-)starburst galaxies, which may imply divergent evolutionary pathways of galax-
ies through the (post-)starburst phase in the different mass regimes. Consequently, through
direct comparison with control samples of equally massive star-forming and passively evolving
systems, I discuss the role of (post-)starburst galaxies in the build up of the high- and low-mass
red sequence in the Local Universe.
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5.1 Sample selection
To study the parallels between properties of galaxies with various masses and different star-
formation activity, I selected volume-limited samples of young and old (post-)starburst as well
as star-forming and passive galaxies (SB, PSB, SF and PAS, respectively), all within three
stellar-mass ranges (9.5 <log(M/M)< 10.0, 10.0<log(M/M)< 10.5, 10.5 <log(M/M)<
11.0) at redshift 0.01< z < 0.05. The selection was done using spectral indices that describe
the shape of the stellar continuum, PC1, as well as the strength of Balmer absorption lines,
PC2, (see Section 1.4.3 and Wild et al. 2007). The mass and redshift limits were chosen to
ensure that the samples are complete in red sequence galaxies (defined by PC2 ¶ PC1 + 0.5,
as estimated by eye) and all galaxies were selected to have a spectral per-pixel SNR > 8 in the
g-band.
5.1.1 Galaxies with (post-)starburst stellar populations
The location of galaxies in the parameter space defined by PC1 and PC2 contains information
about their star-formation history (Section 1.4.3). As the starburst and post-starburst galaxies
populate extreme locations in the PC1-PC2 space, and the whole distribution of galaxies in the
parameter space shifts towards higher PC1 with increasing stellar mass, due to their decreasing
specific star-formation rate, the sample selection was carried out separately in each mass range.
In Figure 5.1, the parent samples of 17092, 16387 and 8794 galaxies, in the subsequently
higher mass bins, are shown in greyscale. The first step involved pre-selecting galaxies for
population synthesis model fitting in order to estimate their starburst ages, tSB (Wild et al.
2007, 2010), by means of histogram density contours (white solid lines in Figure 5.1), which
roughly define the edge of the PC1-PC2 distribution in each mass regime. This resulted in 807,
1114 and 708 galaxies being fitted, in the low-, intermediate- and high-mass bins. To complete
this part of the selection process, I used code written by Dr V. Wild. With the estimates of the
time elapsed since the onset of the starburst, I selected the following galaxy samples:
• Starburst and young post-starburst galaxies (SB): all objects with the estimated star-
burst ages between 0.0< tSB <0.2, with additional cuts on the spectral index - PC1<
−5.8,−5.5,−4.5 in the low, intermediate and high mass bins, respectively;
• Old post-starburst galaxies (PSB): all objects with the estimated starburst ages be-
tween 0.5< tSB <1.5, and with PC2> 0.0 in all mass bins.
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The samples are over-plotted as filled circles in Figure 5.1, with the estimated starburst ages
shown in colour. The additional constraints on PC1 and PC2, chosen by eye, were placed
to ensure that the galaxies are selected from the very edges of the distributions (otherwise
the samples could be potentially contaminated by the blue-cloud, as the continuously star-
forming galaxies can also be fitted by a model of an old stellar population with a superimposed
burst). The galaxy counts in all samples are summarised in Table 5.1. Finally, galaxies with
high Balmer decrements (Hα/Hβ > 2.5 times the intrinsic ratio) were removed from the post-
starburst samples. Such a high Hα/Hβ classifies these galaxies as dusty starburst candidates, in
which the emission from a still ongoing starburst could be partially obscured by dust, resulting
in post-starburst spectral characteristics (as discussed by e.g. Poggianti & Wu 2000). As can
be seen in Table 5.1, I found such objects to be most numerous in the highest mass regime.
Although the samples of starburst and post-starburst galaxies were selected within the
same mass ranges, potential biases due to variation of their structure with stellar mass could
still be observed if the mass distribution of the samples are not the same. To minimise this
effect, I matched the mass distributions of the samples such that they have equal number of
galaxies per ∆log(M/M)=0.1. This, as well as rejection of some galaxies with contaminated
images (due to bright nearby stars), resulted in further reduction of the sample sizes (Table
5.1). In Figure 5.2, I show the stellar mass distributions of all samples, before and after the
matching process.
Caveats
The starburst age estimates become more uncertain at older ages, due to the degeneracy be-
tween the age and the strength of the burst: ∆tSB rises from ∼ 0.02 Gyr for the youngest
galaxies to ∼ 0.1 Gyr as the starburst age reaches about 1 Gyr (Wild et al., 2010). For this
reason, I do not discuss the evolutionary sequence along the (post-)starburst phase up to∼ 1.5
Gyr but instead make a general separation between young and old (post-)starburst galaxies
based on the estimated starburst ages. It is also important to note that, although the selection
process of (post-)starburst galaxies involved volume-limited parent samples, the rough choice
of the PC1-PC2 criteria as well as the additional restrictions described above make the samples
unsuitable for drawing any conclusions about the number density of (post-)starburst galaxies
with different stellar masses in the Local Universe.
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9.5<log(M)< 10 10<log(M)< 10.5 10.5<log(M)< 11
SB all 120 69 89
PSB all 148 (3) 173 (14) 57 (19)
SB clean 110 61 48
PSB clean 124 139 32
SB/PSB matched 87 59 29
Table 5.1: The number of galaxies in the young and old (post-)starburst samples: all - all galaxies
selected by placing restrictions on the starburst age and PC1/PC2 cuts with the numbers in brackets
pointing to the dusty starburst candidates; clean - galaxies with clean images (no contamination from
nearby sources), with dusty starburst candidates removed from the PSB samples; matched - remaining
galaxies in the samples with matched mass distributions.
9.5<log(M)< 10 10<log(M)< 10.5 10.5<log(M)< 11
PAS PC2 ¶ PC1 + 0.5 PC2 ¶ 1.1×PC1 + 0.4 PC2 ¶ 1.23×PC1 + 0.27
SF −5.25¶PC1¶ −3.25 −4.5¶PC1¶ −2.25 −4.0¶PC1¶ −2.0
−1.3¶PC2¶ −0.5 −1.3¶PC2¶ −0.5 −1.3¶PC2¶ −0.5
Table 5.2: The PC1-PC2 selection criteria for the star-forming (SF) and passively evolving (PAS) galax-
ies selected from the blue clue and the red sequence regions, defined separately in the different mass
regimes.
5.1.2 Control samples of star-forming and passive galaxies
In order to investigate whether the starburst and post-starburst galaxies can be placed on the
evolutionary track between the blue cloud and the red sequence, I selected control samples of
galaxies from these two regions of the PC1-PC2 parameter space. The samples of continuously
star-forming and passively evolving galaxies were selected such that their mass distributions
match those of the starburst and post-starburst galaxy samples, to facilitate a meaningful com-
parison of the samples’ properties. The PC1-PC2 criteria defining the blue cloud and the red
sequence were chosen by eye, separately within each mass range due to the already men-
tioned shift of the distribution with the stellar mass. In Figure 5.1, the resulting samples of
star-forming and passive galaxies are over-plotted with blue and red circles, respectively, and
the PC1-PC2 criteria used for their selection are summarised in Table 5.2.
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Figure 5.1: The distribution of all galaxies in the parent samples in the three stellar mass regimes
(grayscale). Over-plotted in colour are mass-matched samples of continuously star-forming, passively
evolving, starburst and post-starburst galaxies, the latter two with colour-coded starburst ages esti-
mated by population synthesis model fitting. 105
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Figure 5.2: The stellar mass distribution for the samples of the total young and old (post-
)starburst galaxies - SB and PSB, respectively - before and after mass matching and rejection
of the dusty starburst candidates in the case of the PSB samples. The different panels cor-
respond to the different stellar mass ranges, from top to bottom: 9.5 <log(M/M)< 10,
10<log(M/M)< 10.5 and 10.5<log(M/M)< 11.
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Table 5.3: SDSS false-colour images (1 arcmin across) of selected star-forming, starburst, post-starburst
and passive galaxies in the different stellar mass regimes, at 0.01 < z < 0.05. The example galaxies
were chosen carefully to reflect the dominant morphological features in each sample.
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5.2 Qualitative morphology of galaxies with different levels of star-
formation activity
Before proceeding with the quantitative analysis of their morphology and structure, I briefly
describe the general characteristics of each of the samples, obtained through visual inspection
of the false-colour images (examples of which are presented in Table 5.3). The visual inspec-
tion was carried out only by myself and its aim was merely to provide a broad description of
the sample characteristics, rather than a detailed comparison of the different galaxy types.
• Control sample: star-forming galaxies
As expected, star-forming galaxies have generally undisturbed (with a few exceptions)
disk-like morphologies, with increasing bulge prominence with their stellar mass. Their
light distributions are reasonably smooth: signs of substructure (‘clumps’, spiral arms,
bars) are visible in∼ 25% of the low-mass sample but appear more frequent in the high-
mass range: ∼ 50%. This is possibly due to larger apparent sizes of the more massive
galaxies, where structures can be more easily identifiable by eye.
• Control sample: passive galaxies
Most of the passive galaxies are early-types, including elliptical and lenticular character-
istics, again, with increasing bulge prominence with stellar mass. A few galaxies contain
rings and spiral arms surrounding a prominent bulge1. There are many compact galaxies
in both low- and intermediate-mass bins, which makes it difficult to accurately charac-
terise their light distribution by eye.
• Young (post-)starburst galaxies
The samples of galaxies with spectroscopic signatures of young starbursts are morpho-
logically divergent, with many showing disturbance and features indicating a recent in-
teraction, particularly in the low-mass regime (∼ 50%, compared to ∼ 35− 40% in the
higher-mass bins). The remaining morphologically undisturbed galaxies are a mixture
of systems with smooth light distributions and those with visible substructure (spiral
arms, bars). It appears that galaxies with smooth light distributions are generally less
1In those few cases, the blue colour of the disk points to the presence of young stellar populations within it, and
it may be surprising that galaxies hosting such stars are found on the red sequence. This can be explained by
considering the aperture bias effect: due to the size of the SDSS spectroscopic fiber aperture (3 arcsec), in the
high mass regime, the spectral indices (PC1, PC2) are measured from the light emitted by the old bulge and do
not include information about the stellar population residing in the outer galaxy parts.
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common in high-mass starburst galaxies than in their low-mass counterparts, and an
opposite trend seems to emerge for systems with bars and spiral structures (perhaps an
apparent effect due to larger sizes of high-mass galaxies). A very small number of young
(post-)starburst galaxies appear to be in an pre-coalescence stage of a major merger 8%,
5% and 2% in the low-, intermediate- and high-mass bin, respectively.
• Old post-starburst galaxies
The morphologies of the old post-starburst galaxies with M< 1010.5 are generally less
disturbed than those with young starbursts, with some galaxies resembling the low-
mass star-forming systems but others more similar to the passive red-sequence galax-
ies. In many cases it is difficult to reliably characterise their light distribution in detail
due to their compact sizes and/or high inclination; however, those more extended ones
(∼ 40%) tend to have smooth light distributions with little sign of substructure. In the
highest-mass range, the old post-starburst galaxies tend to have more divergent mor-
phologies, with many systems hosting prominent bulges. About 30% of the sample show
signs of some morphological disturbance indicating a past interaction but in most cases,
the features are not as prominent or asymmetric as those present in starburst galaxies
and resemble more evolved merger remnant stages.
5.3 Quantitative description of morphology and structure and trends
with stellar mass
For a direct comparison of properties of the (post-)starburst galaxies with those found on the
blue cloud and the red sequence, I carried out a quantitative morphological and structural
image analysis using the samples with matched mass distributions, that involved the compu-
tation of n, C , S, G, M20, A and AS (described in Section 2.4) using the SDSS g-, r- and i-band
images. In this section I present the key results of the analysis, in most cases omitting the
results obtained in the i-band as I found them to generally agree well with the r-band mea-
surements. I start by discussing the central concentration of light within the galaxies (Section
5.3.1), then address their level of structural disturbance (Section 5.3.2) and that of their mor-
phological disturbance (Section 5.3.3). Then, in Section 5.3.4, I summarise the properties of
the (post-)starburst galaxies inferred from the morphological and structural analysis of their
images.
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SF PAS SB PSB
n 1.33 1.36 1.68 2.23 3.11 3.09 1.88 1.81 1.99 1.57 1.67 2.61
C 2.55 2.61 3.14 2.92 3.27 3.82 2.84 3.07 3.16 2.57 2.86 3.40
-M20 1.78 1.83 1.96 2.00 2.19 2.40 1.85 1.87 2.02 1.86 1.89 2.14
G 0.58 0.56 0.60 0.64 0.68 0.67 0.64 0.65 0.63 0.61 0.64 0.67
S 0.15 0.14 0.11 0.18 0.15 0.10 0.12 0.10 0.10 0.17 0.13 0.12
A 0.12 0.10 0.08 0.13 0.11 0.08 0.14 0.13 0.10 0.12 0.12 0.08
AS 0.14 0.13 0.13 0.15 0.14 0.12 0.16 0.14 0.15 0.13 0.14 0.15
Stellar mass –> Stellar mass –> Stellar mass –> Stellar mass –>
Table 5.4: Median values of the structural and morphological parameters measured in the r-band for the star-
forming (SF), passive (PAS) and the young/old (post-)starburst (SB/PSB) galaxies, in the three mass bins.
PSB–PAS PSB–SF SB–SF SF–PAS
D ∼ 0.40 p < 10−4 D ∼ 0.22 p ∼ 0.03 D ∼ 0.36 p < 10−4 D ∼ 0.56 p < 10−4 ss
n D ∼ 0.48 p < 10−4 D ∼ 0.29 p ∼ 0.01 D ∼ 0.34 p < 10−2 D ∼ 0.73 p < 10−4 ma
D ∼ 0.24 p ∼ 0.32 D ∼ 0.52 p < 10−3 D ∼ 0.21 p ∼ 0.51 D ∼ 0.55 p < 10−4 <–
D ∼ 0.44 p < 10−4 D ∼ 0.20 p ∼ 0.06 D ∼ 0.39 p < 10−4 D ∼ 0.56 p < 10−4 ss
C D ∼ 0.36 p < 10−3 D ∼ 0.29 p ∼ 0.01 D ∼ 0.39 p < 10−3 D ∼ 0.58 p < 10−4 ma
D ∼ 0.38 p ∼ 0.22 D ∼ 0.35 p ∼ 0.05 D ∼ 0.14 p ∼ 0.93 D ∼ 0.59 p < 10−4 <–
D ∼ 0.42 p < 10−4 D ∼ 0.24 p ∼ 0.01 D ∼ 0.22 p ∼ 0.03 D ∼ 0.59 p < 10−4 ss
M20 D ∼ 0.49 p < 10−4 D ∼ 0.22 p ∼ 0.1 D ∼ 0.19 p ∼ 0.23 D ∼ 0.68 p < 10−4 ma
D ∼ 0.41 p ∼ 0.01 D ∼ 0.35 p ∼ 0.05 D ∼ 0.21 p ∼ 0.51 D ∼ 0.62 p < 10−4 <–
D ∼ 0.24 p ∼ 0.01 D ∼ 0.21 p ∼ 0.04 D ∼ 0.31 p < 10−3 D ∼ 0.39 p < 106−4 ss
G D ∼ 0.29 p ∼ 0.01 D ∼ 0.51 p < 10−4 D ∼ 0.51 p < 10−4 D ∼ 0.68 p < 10−4 ma
D ∼ 0.24 p ∼ 0.32 D ∼ 0.41 p ∼ 0.01 D ∼ 0.24 p ∼ 0.32 D ∼ 0.55 p < 10−3 <–
D ∼ 0.13 p ∼ 0.46 D ∼ 0.13 p ∼ 0.46 D ∼ 0.35 p < 10−4 D ∼ 0.16 p ∼ 0.19 ss
S D ∼ 0.19 p ∼ 0.23 D ∼ 0.24 p ∼ 0.61 D ∼ 0.41 p < 10−4 D ∼ 0.12 p ∼ 0.77 ma
D ∼ 0.17 p ∼ 0.74 D ∼ 0.28 p ∼ 0.18 D ∼ 0.24 p ∼ 0.32 D ∼ 0.35 p ∼ 0.05 <–
D ∼ 0.16 p ∼ 0.19 D ∼ 0.15 p ∼ 0.26 D ∼ 0.36 p < 10−4 D ∼ 0.12 p ∼ 0.59 ss
A D ∼ 0.10 p ∼ 0.91 D ∼ 0.25 p ∼ 0.04 D ∼ 0.41 p < 10−4 D ∼ 0.27 p ∼ 0.02 ma
D ∼ 0.35 p ∼ 0.05 D ∼ 0.21 p ∼ 0.51 D ∼ 0.38 p ∼ 0.02 D ∼ 0.24 p ∼ 0.32 <–
D ∼ 0.14 p ∼ 0.35 D ∼ 0.14 p ∼ 0.35 D ∼ 0.30 p < 10−3 D ∼ 0.07 p ∼ 0.98 ss
AS D ∼ 0.20 p ∼ 0.15 D ∼ 0.14 p ∼ 0.62 D ∼ 0.17 p ∼ 0.33 D ∼ 0.10 p ∼ 0.91 ma
D ∼ 0.41 p ∼ 0.01 D ∼ 0.28 p ∼ 0.18 D ∼ 0.17 p ∼ 0.74 D ∼ 0.21 p ∼ 0.51 <–
Table 5.5: The values of the Kolmogorov-Smirnov statistics (D) and the probability of the null hypothesis (p)
obtained during comparison of the distributions of the structural and morphological parameters measured for
the different samples: old post-starburst with passive (PSB-PAS), old-post-starburst with star-forming (PSB-SF),
young (post-)starburst with star-forming (SB-SF) and star-forming with passive (SF-PAS). In each case, the values
are ordered by increasing stellar mass (as indicated by the arrows).
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Figure 5.3: Distributions of the values of structural and morphological parameters measured in the
r-band for the mass-matched samples of SF, SB, PSB and PAS galaxies. In each case, darker colours
indicate higher masses.
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Figure 5.4: The median parameter values measured in the r-band for the mass-matched samples of
SF, SB, PSB and PAS galaxies (blue, violet, yellow and red, respectively) in the different mass regimes.
In the case of the concentration index, the open symbols show the median values obtained for only
those galaxies with AS < 0.2. The radius is the maximum radius computed using the detection mask,
rmax (Section 2.2.3). The error bars extend between the first and third quartiles of the parameter
distributions. The data points are offset within each mass bin for clarity.
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Figure 5.5: The median parameter values measured in the g-band for the mass-matched samples of
SF, SB, PSB and PAS galaxies (blue, violet, yellow and red, respectively) in the different mass regimes.
In the case of the concentration index, the open symbols show the median values obtained for only
those galaxies with AS < 0.2. The radius is the maximum radius computed using the detection mask,
rmax (Section 2.2.3). The error bars extend between the first and third quartiles of the parameter
distributions. The data points are offset within each mass bin for clarity.
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Figure 5.6: The median values of the differences between the parameter values measured in the two
passbands, g and r, with the error bars being the first and third quartiles (with increasing stellar-mass
bins from left to right). Additionally, in the case of Cr −Cg , the median values calculated for only those
galaxies with AS < 0.2 are plotted with open symbols. The bottom right plot shoes the median g − r
colour values obtained using magnitudes measured within boundaries defined by the detection mask
(see Section2.3.2).
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As expected based on previous works (see e.g. Kauffmann et al. 2003b), the measured
parameters point to a clear relation between the structure of the galaxies and their stellar mass,
with more massive systems being generally more centrally concentrated, as measured by n, C
and M20 than those with lower masses and the effect is visible in all samples (Section 5.3.1).
More massive galaxies also tend to show less disturbance in their structure and morphology,
quantified by A, AS and S (Sections 5.3.2 and 5.3.3). These trends emerge in the histograms
of the measured parameter values shown in Figure 5.3 but are particularly well pronounced
when considering the median values, presented in Figures 5.5 and 5.4.
5.3.1 The levels of central concentration of light
It can be seen by comparing the histograms (Figure 5.3) and median values (Figures 5.4 and
5.5, and Table 5.4) of n, C and M20 that the continuously star-forming blue-cloud galaxies tend
to be less centrally concentrated than the red-sequence galaxies, in which the star formation
has already ceased. Galaxies that experienced a more or less recent starburst show a wide
range of levels of central concentration, with bulk values of n, C and M20 falling generally
between those measured for the star-forming and passive galaxies. More specifically:
• Control sample: star-forming galaxies
Low-mass galaxies (M < 1010M) selected from the blue cloud tend to be significantly
less centrally concentrated in the gri passbands than those with higher masses. In all
mass ranges, star-forming galaxies tend to have lower central light concentration in the
g-band compared to that measured in the r-band (Figure 5.6). This is a consequence
of the older stellar populations being generally more centrally-located than the younger
stars within local star-forming galaxies leading to the redness of their bulges (see e.g.
Bershady et al. 2000).
• Control sample: passive galaxies
Low-mass red-sequence galaxies (M < 1010M) tend to have moderately concentrated
light distributions in the gri passbands, higher than the star-forming galaxies selected
within the same mass range and the central concentration of passive galaxies increases
with their stellar mass (Table 5.4). As expected, the red-sequence galaxies are generally
more concentrated in the red (Figure 5.6).
• Young (post-)starburst galaxies
The values of the structural parameters pertaining to the central light concentration of
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the young (post-)starburst galaxies span the whole range characteristic of both star-
forming and passively evolving galaxy types, with a non-negligible number of ‘outliers’
with particularly high values of n (Figure 5.3); however, there is no strong variation
across the different mass regimes in all three passbands (see Figures 5.4 and 5.5 for
the r- and g-band). As a consequence, in terms of their central concentration, at M <
1010.5M, the young (post-)starburst galaxies bear closer resemblance to the passive
galaxies but at M > 1010.5M, they are more similar to the star-forming galaxies. This
suggests that the light from young stars formed during the starburst dominates over that
from the pre-existing older stellar populations in the low mass regime, but not at high
masses. This is also supported by the (post-)starburst galaxies having lower values of
n(r)−n(g), C(r)−C(g) and M20(r)−M20(g) than the star-forming and passive galaxies
at M < 1010.5M, while being more concentrated in the red at M > 1010.5M (Figure
5.6).
• Old post-starburst galaxies
The old post-starburst galaxies are characterised by a wide range of values of the param-
eters pertaining to the central concentration of light (Figure 5.3). In the lowest-mass
regime, they show a similar level of central concentration to the star-forming control
sample (in g, r and i passbands), but they tend to be more centrally concentrated with
increasing stellar mass and appear more similar to the red-sequence galaxies in the sub-
sequently higher mass regimes, with those more massive than 1010.5M having almost
as high n as the most massive red-sequence galaxies (see Figures 5.5 and 5.4 and Table
5.4). Similarly to star-forming and passively evolving galaxies, and contrary to those
with signs of a recent starburst, the old post-starburst galaxies tend to be more concen-
trated in the red and this is true in all mass regimes (see n(r)− n(g), C(r)− C(g) and
M20(r)− M20(g) in Figure 5.6). This redness of the bulges of old post-starburst galax-
ies points to a dying population of the young massive stars, which seem to dominate
the light from the central bulges at M < 1010.5M shortly after the burst. This is not
surprising, given that the estimated starburst ages of the old post-starburst galaxies are
higher than the typical lifetimes of these short-lived stars.
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The effect of tidal disturbance on the measured values of C
As discussed in Sections 3.3.1 and 4.3.1, the presence of morphological disturbance in galaxy
outskirts may influence the measured values of C , as they may lead to an increased size of the
outer growth curve radius r80. However, the relation between the measured values of C and
the prominence of the disturbance is not clear. In this section I revisit this topic, extending the
analysis to the samples of young and old (post-)starburst, star-forming and passively evolving
galaxies in all three mass regimes, which collectively make up a large sample of over 900
objects.
Figure 5.7 shows the values of C and M20 measured for all galaxies within the total sample
in the SDSS r-band. These measures are anti-correlated with one another and, as expected,
the majority of the galaxies form a well-defined sequence in the C−M20 parameter space; how-
ever, there is a notable number of outliers, predominantly with an excess in their measured
values of C compared to that expected from the extent of their bulges (quantified by M20).
The outliers are predominantly (post-)starburst galaxies, particularly those with young star-
burst ages (tSB < 0.2 Gyr) and mostly with AS ¾ 0.2, pointing to the presence of disturbance
in their outskirts. Those with AS < 0.2 tend to have high rmax , suggesting the presence of
extended low-surface brightness features, although not particularly asymmetric. However, for
some galaxies, the presence of morphological disturbance does not seem to have the same ef-
fect, as they lie on or below the C−M20 relation. Nevertheless, the offsets in the concentration
indices from those expected from the values of M20 measured for all galaxies with AS ¾ 0.2
are generally much larger (median∼ 0.4) than those found for the objects with shape asym-
metry below that threshold (median∼ 0.04). Here, the ‘expected’ values of C were defined by
the reference line plotted in Figure 5.7, which is the line of best fit to the parameter values
measured for all star-forming and passive galaxies, which tend to show the typical C − M20
relation. For about 50% of the galaxies with AS ¾ 0.2, and ∼ 70% of those with AS ¾ 0.25, the
enhancement in C is higher than the standard deviation of the best fits’ residuals. The same is
true only for about 20% of galaxies with undisturbed morphologies (AS < 0.2). Consequently,
while it is challenging to find a robust way of correcting for the effect of disturbed faint out-
skirts when measuring the level of central concentration in galaxies, it is clear that care should
be taken when interpreting the values of C measured for morphologically disturbed galaxies.
In Figures 5.4, 5.5 and 5.6, I have indicated, as open symbols, the median values of C
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Figure 5.7: The distribution of ∼ 900 galaxies (including all starburst (SB), post-starburst (PSB), star-
forming (SF) and passive (PAS) galaxies studied in this work) in the C − M20 parameter space, with
colour-coded values of the maximum radius, rmax . Galaxies with AS ¾ 0.2 are marked with open square
symbols. All parameters were measured using the SDSS r-band images. The solid line is the line of
best fit to the values of C and M20 obtained for the SF and PAS galaxies.
calculated for the different samples with galaxies with AS ¾ 0.2 removed. The effect is not
strong enough to change the conclusions about the characteristics of the samples.
5.3.2 Light distribution: smooth and symmetric or patchy and disturbed?
Structural asymmetry and patchy light distributions in galaxies are usually interpreted as signs
of ongoing star-formation and/or interactions. As expected, I found the strongest disturbance,
measured by A, in galaxies with very recent starbursts. This can be seen in Figures 5.5 and 5.4,
which also show declining trends in the asymmetry and clumpiness parameters with the stellar
mass, for all galaxy types. In all mass ranges, but particularly at M > 1010M, the values of
Ar − Ag tend to be negative (Figure 5.6), pointing to a more symmetric structure in the red,
meaning that the spatial distribution of younger stellar populations is slightly more disordered
than that of the old stars. A similar trend was found by Conselice (1997) and Bershady et al.
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(2000). In more detail:
• Control sample: star-forming galaxies
In all, g, r and i passbands, both A and S measured for the star forming galaxies decline
as a function of stellar mass, and the values of G point to a higher inequality in the light
distribution in less massive galaxies 2.
• Control sample: passive galaxies
The distributions of the values of both A and S, measured in the gri passbands are sim-
ilar to those found for the star-forming galaxies, and so are the values of their ‘colour
asymmetry’, Ar − Ag. While it may be surprising that the levels of structural asymme-
try and clumpiness in passive galaxies are not lower than those found in galaxies with
on-going star-formation, it should be noted that the sample of passive galaxies is not
exclusively composed of smooth ellipticals, typically associated with the red sequence,
but also includes galaxies with lenticular and early-type spiral morphologies, as revealed
by visual inspection (see also the population of red spirals found by e.g. Masters et al.
2010). The high values of G, compared with the star-forming galaxies are a result of the
high central concentration of the passive galaxies.
• Young (post-)starburst galaxies
The distribution of the parameters measuring the degree of structural disturbance in
galaxies with young starbursts is broader and with higher median values than those
found for the blue-cloud and red-sequence galaxies, in all three passbands and generally,
the disturbance tends to be more prominent in the lowest-mass systems. There is no
tendency for young (post-)starburst galaxies to show higher values of the clumpiness
parameter compared with the star-forming or passive galaxies; in fact, their values of
S are generally lower than those found for the continuously star-forming and passive
galaxies at M < 1010.5M. This may be related to the increased contribution from the
central region to the measurement of S due to the recent central starburst rather than
2This seems to contradict the general sample characteristics inferred through visual inspection of the false-colour
images, where the more massive galaxies showed signs of substructure more frequently than the low-mass systems.
Aside from the fact that the parameters were measured in individual filters, rather than the composite false-colour
images, the reason for this discrepancy could lie in the compact sizes of the galaxies with highest values of A and S
which could make the substructures difficult to be seen by eye. To some extent, it could also be a consequence of
the increasing contribution from the central galaxy parts to the measurements in the higher mass bins; the lack of
prominent bulges could reveal the clumpy regions of star-formation within the low-mass galaxies. Furthermore,
visual inspection revealed that the substructures found in massive galaxies tend to be more ordered and symmetric
(bars, rings, arms) than those present in low mass galaxies (clumps).
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the lack of clumpy substructure. The fact that a similar drop of the values of S, with
respect to the star-forming and passive galaxies, is not found in the highest mass regime
supports this claim: as indicated by the values of n, C and M20, the light from the old
stellar populations within the bulges of the most massive young (post-)starburst still
dominates over the light from the stars formed in the burst.
• Old post-starburst galaxies
Generally, the galaxies with old post-starburst stellar populations do not tend to show
structural disturbance on a level higher than that found in the star-forming and pas-
sively evolving galaxies and, any disturbance measured (by means of A and S in the gri
passbands) is most notable in the lowest-mass regime. As discussed in the case of the
continuously star-forming galaxies, this could be a result of the increasing contribution
from bulges to the measurements in the higher mass bins. An interesting exception are
the g-band values of the clumpiness parameter measured for post-starburst galaxies with
M > 1010.5M (Figure 5.5), which are notably higher than those found for the other
galaxy types. Given their old estimated starburst ages and considering their values of n,
C and M20, it is unlikely that the light from the central starburst could be dominating the
measurement of S, like in the case of young starbursts. This and the enhanced values of
the g-band Gini index that suggest strongly unequal light distributions, could be a sign
of ongoing star-formation in the off-centre regions of these galaxies.
5.3.3 Disturbed outskirts and merger signatures
Galaxies with normal-mode star-formation and those that evolve passively very rarely show
signatures of a recent interaction or merger. However, as shown by the tail of the distri-
bution their r-band values of AS (Figure 5.3), asymmetric tidal features and morphological
disturbance on a global scale are present in many galaxies with spectroscopic signatures of a
recent starburst. Below, I discuss how the morphological asymmetry of the galaxies with (post-
)starburst stellar populations compares with that measured for the continuously star-forming
and passive galaxies.
• Control sample: star-forming galaxies
The values of AS measured for the continuously star-forming galaxies are generally be-
tween ∼ 0.05 and ∼ 0.2 but they tend to be marginally higher for the lowest-mass
galaxies and there is no strong tendency for AS to be higher in either g or r passband.
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• Control sample: passive galaxies
The gri values of AS measured for the passively evolving galaxies are similar to those ob-
tained for the star-forming galaxies; however, the g-band values show a slightly stronger
trend with stellar mass (Figure 5.5) and there is a tendency for the galaxies to show neg-
ative AS(r)− AS(g), especially in the low-mass regime.
• Young (post-)starburst galaxies
Galaxies with spectroscopic signatures of a recent starburst show a wide range of values
of their shape asymmetry (0.05 ® AS ® 0.4), with a declining tendency of the median
value with the stellar mass (see Figures 5.5 and 5.4). The bulk of the values measured
in both bands falls below ∼ 0.2 and the number of ‘outliers’ with AS ¾ 0.2 varies with
the stellar mass (discussed in detail in section 5.3.3). As shown in Figure 5.6, there is a
slight tendency for the galaxies with M > 1010M to have negative AS(r)−AS(g). Gen-
erally, the young (post-)starburst galaxies with tidally disturbed morphologies do not
show presence of a double nucleus, indicated by M20 ¦ −1.1 (see Figure 5.3), meaning
that they tend to be in the post-coalescence stage of a merger. The presence of morpho-
logical disturbance is to some extent also revealed by the notable scatter in the C −M20
distribution, compared with those found for the star-forming and passive galaxies (as
discussed in Section 5.3.1).
• Old post-starburst galaxies
Global asymmetry indicating presence of tidal disruption is not as common in galaxies
with old post-starburst stellar populations as it is in those with signs of young starbursts;
however, there are some objects among the old post-starburst galaxies for which the
measured values of AS are equal to or exceed 0.2. In fact, it can be seen in Figure 5.5
that the median value of the g-band AS measured for the most massive old post-starburst
galaxies is comparable with that found for the galaxies with young starbursts, notably
higher than those measured for the star-forming and passive galaxies. The Figure also
shows that the high-mass post-starburst galaxies tend to be more spatially extended (as
measured by rmax) with respect to the star-forming and passive galaxies, compared with
the lower-mass regimes, which could also be pointing to the presence of faint outskirts
in these galaxies. Furthermore, there is a notable scatter in the distribution of the old
post-starburst galaxies in the C −M20 parameter space (Figure 5.7), compared with the
star-forming and passively evolving galaxies, but with a much lower number of outliers
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than in the case of the young (post-)starburst galaxies.
The frequency of occurrence of post-merger candidates
As discussed above, tidal disturbance pointing to a recent dynamical interaction is a common
feature of the young (post-)starburst galaxy samples, and Figures 5.3, 5.5 and 5.4 imply that
the disturbance is most notable in the low-mass sample. In Figure 5.8, I investigate it further by
considering ζ - the fraction of galaxies in a given sample that show morphological disturbance
characteristic of a post-merger. As in previous chapters, such galaxies are defined by AS ¾ 0.2
and referred to as post-merger candidates. It should be noted that, in order for meaningful
conclusions about the role of mergers in inducing bursty star-formation in galaxies to be drawn,
the fractions presented in Figure 5.8 were calculated within the total galaxy samples, prior
to the mass matching process which resulted in some galaxies being rejected (although, I
found the fractions to be only marginally different when considering the mass-matched galaxy
samples).
As shown in Figure 5.8, the number of post-merger candidates does not exceed about
10− 15% of the star-forming and passive galaxy samples. There is an interesting increase in
ζ found for the passive galaxies in the low-mass regime and visual image inspection confirms
presence of faint tidal features in the galaxies with the highest values of AS . As the features
are not particularly red (visible also in the g-band), it is unlikely for them to be a signature
of a dry merger. Perhaps these galaxies have entered the red sequence recently through a
catastrophic disruptive event that shut down their star-formation quickly and therefore the
visual signatures have not completely faded away.
Within the total samples of the young (post-)starburst galaxies (prior to mass-matching),
about 40% of the low-mass sample have AS ¾ 0.2, indicating the presence of disturbance
and/or tidal features (with highest values in the r-band). This fraction decreases with the
stellar mass such that only ∼ 20% of the young (post-)starburst galaxies with M > 1010 have
AS ¾ 0.2. In the old post-starburst galaxies, the frequency of occurrence of measurable asym-
metric features is generally comparable with that found for the star-forming galaxies (ζ® 15%
in all passbands). An interesting exception is the highest-mass sample, in which case it is some-
what more common to find post-starburst galaxies with AS ¾ 0.2 in the g-band (ζ∼ 20%). The
decline in the fraction of post-merger candidates between the young and old (post-)starburst
samples fits in the general merger picture with gradually fading tidal features, and therefore
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Figure 5.8: The fraction of post-merger candidates (galaxies with AS ¾ 0.2) in the samples of
starburst (SB), post-starburst (PSB), star-forming (SF) and passive (PAS) galaxies, calculated
separately in each mass regime, with larger symbols representing higher masses. The error
bars are the binomial 1σ confidence intervals (Cameron, 2011).
123
Chapter 5. Dependence of the evolutionary path on stellar mass
serves as an argument in favour of the old post-starburst galaxies being descendants of the
galaxies with signs of a more recent starburst. In the next chapter, I constrain the timescales
of the tidal disturbance in galaxies following a merger through analysis of mock images pro-
duced from galaxy merger simulations.
In order to relate the above results with the findings of the previous chapter, I placed an
additional restriction on the starburst age to isolate those galaxies in which the estimated onset
took place not earlier than 100 Myr ago. In this case, the trend in ζ with stellar mass becomes
more pronounced for the youngest starburst galaxies, dropping from∼ 45% to∼ 15% between
the lowest- and highest-mass regimes in the r-band. In the previous chapter, I found evidence
of recent interactions/mergers (using r-band shape asymmetry) in ∼ 45% of a sample of
bulge-dominated galaxies with starbursts younger than ∼ 100 Myr, selected using a surface
mass density cut at µ = 3 × 108M  /kpc2. As shown by Kauffmann et al. (2003b), such a
cut is similar to placing a mass restriction at M ∼ 1010; however, the criteria are not strictly
the same, and in fact, the young (post-)starburst galaxies considered in Chapter 4 span a
mass range between ∼ 109.5 and ∼ 1011 with the median of ∼ 1010.1 and the first and third
quartiles around 109.8 and 1010.3, respectively. Therefore, they can be compared with the low-
and intermediate-mass galaxies considered in this chapter collectively, in which case∼ 32% of
the galaxies have AS ¾ 0.2 in the r-band. This fraction is somewhat lower than that found in
the bulge-dominated sample of young (post-)starburst galaxies but the discrepancy is likely a
consequence of the samples’ mass-distributions being non-identical as well as different sample
selection criteria (aside from the surface mass density cut, the bulge-dominated sample was
also selected using a different cut on the spectral index PC1).
5.3.4 Summary of the properties of galaxies with ongoing and past starbursts
The image analysis of the (post-)starburst galaxies revealed trends in their structural and mor-
phological properties as a function of their stellar mass, similarly to what is known about the
star-forming and passive galaxies. Here, I briefly summarise the main characteristics of the
samples of young and old (post-)starburst galaxies.
Young (post-)starburst galaxies (tSB ® 0.2 Gyr)
• Low-mass young (post-)starburst galaxies (M < 1010.5M) show a much higher en-
124
5.3. Quantitative description of morphology and structure and trends with stellar mass
hancement in their central concentration over the star-forming galaxies than those with
higher masses (measured by n, C and also reflected in G and M20);
• Low- and intermediate-mass young (post-)starburst galaxies (M < 1010.5M) are more
centrally concentrated in the g-band, compared with ther-band and the opposite is true
in the high-mass regime;
• The median values of both A and AS measured in the gri passbands decline with stellar
mass, and the enhancement above the values found for the continuously star-forming
galaxies is most notable in the low-mass regime;
• The frequency of galaxies with asymmetric tidal features measurable by AS > 0.2 in gri
passbands decreases with the stellar mass, from ζ∼ 35%−40% in the low-mass regime
to ζ∼ 20% at masses higher than 1010M;
• Generally, not many young (post-)starburst galaxies appear to be in the pre-coalescence
merger stages (< 10% in all mass bins);
Old post-starburst galaxies (tSB ¦ 0.5 Gyr)
• Looking at Table 5.5, it is striking that n, C , G and to some extent also M20 all suggest
that while the old (post-)starburst galaxies with M > 1010.5M are closely resembling
those in passive evolution, at lower masses (M < 1010.5M), they are somewhat more
similar to the star-forming galaxies (but still notably different);
• In all mass regimes, the old post-starburst galaxies tend to be more centrally concen-
trated in the r-band than in the g-band;
• Generally, tidal disturbance measurable by AS > 0.2 can be found in ∼ 15% − 20% of
galaxies in each mass regime, comparable with the fractions found for the control sam-
ples of star-forming and passive galaxies but much lower that those measured for the
young (post-)starburst samples. However, visual image inspection revealed the pres-
ence of shell-like tidal features with low asymmetry, characteristic of evolved merger
remnants in about 30% of the post-starburst galaxies with M > 1010.5M.
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5.4 Implications on galaxy evolution
The differences in the morphology and structure of the low-mass and high-mass galaxies with
(post-)starburst stellar populations can be a consequence of different formation mechanisms
and indicate distinct future evolutionary paths. In this section I discuss their implication on
the origin of these peculiar stellar systems and their role in galaxy evolution.
5.4.1 What triggers bursty star formation?
Episodes of enhanced star-formation activity in galaxies can be triggered by various internal
and external processes, one of which is believed to be galaxy mergers. Their precise role in
inducing starbursts is challenging to constrain due to the variability in the prominence and
timescales of the merger signatures but reasonable estimates can be made when considering
galaxies with signs of very recent starbursts, in which the signatures are not likely to have yet
faded away (the timescales of merger signatures is investigated in the next chapter). Further-
more, the evidence for merger induced starbursts can also be found in the structural properties
of the central regions of galaxies with young (post-)starburst stellar populations.
Visual signs of a recent interaction
The structural and morphological image analysis of galaxies with young starbursts (tSB ® 0.2
Gyr), revealed that many show visual signatures of a recent merger, including morphological
asymmetry and presence of tidal features (quantified by AS ¾ 0.2). The frequency of oc-
currence of such signatures decreases with the stellar mass of the galaxies from ζ ∼ 40% at
M < 1010M to ζ∼ 20% at higher masses, which is still slightly enhanced compared with the
10− 15% found for mass-matched star-forming and passively evolving galaxies. The promi-
nence of the disturbance, reflected in the values of AS , declines with the stellar mass in all
three passbands, which means that the features pointing to a recent merger are not only most
common but also most asymmetric in the low-mass regime. In fact, visual image inspection
revealed that a higher number of young (post-)starburst galaxies, in which the signs of a recent
interaction do not show significant asymmetry, in the high mass regime (see Section 5.6).
The decrease in the frequency and prominence of the morphological disturbance with stel-
lar mass is not surprising. As low-mass galaxies are more common than more massive ones, it
is more likely for a low-mass galaxy to undergo a major merger than it is for a massive galaxy,
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which in turn is more likely to take part in a less-disruptive minor merger event. As shown by
Lotz et al. 2010, mergers of baryonic mass ratios > 4:1 are unlikely to have highly disrupted
structure (measured by A), therefore a minor merger will not cause significant disturbance.
Furthermore, Lotz et al. (2008) found that the total mass involved in the merger may also
affect the disturbance time-scales (measured by A and G − M20): their study revealed that
the disturbance can be visible for ∼ 100− 200 Myr longer in their lowest-mass merger model
compared with the most massive one. It is possible that some bias has been introduced by us-
ing imaging with a fixed depth: given that low-mass galaxies are more likely to host younger
stellar populations than high-mass galaxies, and that the most luminous massive stars are
short-lived, one might speculate that a merger of two low-mass galaxies could potentially pro-
duce tidal features of higher-luminosity than that of two high-mass galaxies. However, testing
this hypothesis would require detailed modelling which is beyond the scope of this work.
Finally, it should be noted that the above fractions of post-merger candidates represent the
minimum values, as the merger signatures in galaxies may not always be observable. Models
have shown that the level and timescales of morphological disturbance depends on the merger
stages well as the initial conditions of the interaction (Lotz et al., 2008). Furthermore, some
viewing angles may be less optimal in revealing the disturbed morphologies of galaxies than
others, and some low-surface brightness features may not be detectable, given the quality and
the passband of the images used for the analysis. The timescales of the tidal features (mea-
surable by AS) and their dependence on the image quality and viewing angles is investigated
in the next chapter, using hydrodynamical simulations of galaxy mergers.
Evidence for centralised starbursts
As measured by n and C (and also reflected in the values of M20 and G), young (post-)starburst
galaxies with M < 1010M tend to have much higher central concentration than the star-
forming galaxies in the same mass regime; in fact, they appear as highly concentrated as those
that evolve passively on the red sequence. The enhancement of the central concentration with
respect to that measured for continuously star-forming galaxies is particularly notable in the
g-band and it has been found to decrease with the stellar mass in all gri passbands. This can
be seen in Figures 5.5 and 5.4. The most massive galaxies with signs of a recent starburst
(M > 1010.5M) are only marginally more concentrated than the star-forming galaxies and
their measured values of the g-band Sérsic index are slightly lower than those found for the
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less massive young (post-)starburst galaxies. This trend is unusual compared with all other
galaxy types, where the values of n increase as a function of the stellar mass. Finally, unlike
their low-mass counterparts the most massive galaxies with recent starbursts have positive
values of Cr −Cg and nr −ng , which indicate that the light from the young stellar populations
formed in the burst does not dominate their bulges (Figure 5.6).
These findings suggest that the light from the central starburst dominates the bulges in
the low-mass galaxies but the same is not true in the case of the most massive systems, which
could mean that the fractions of stellar mass formed during the starburst are lower in the high
mass regime. This agrees with the results obtained from spectral model fitting, presented in
the top panel Figure 5.9. The quantity fburst is the burst mass fraction defined as the ratio of
stellar mass formed in the starburst to that formed continuously throughout the total lifespan
of the model galaxy (Wild et al., 2007). As can be seen in the figure, this estimated burst mass
fraction in the young (post-)starburst galaxies shows a declining tendency as a function of
their stellar mass. It is important to note the following caveats: 1) the burst mass fractions are
estimated using an old stellar population model with a superimposed burst, and consequently,
their values could be overestimated in the case of galaxies, in which the dominant stellar
populations prior to the starburst were younger than those assumed in the models; 2) due to
the preferential selection of galaxies with the strongest starbursts in a given mass regime (by
considering the very edge of the distribution in the PC1-PC2 space), it is possible that at lower
masses, the objects with burst strengths (and burst mass factions) comparable to those selected
in the high mass regime were missed out. However, it should be noted that the opposite to
point 2) does not hold: in the highest mass regime, there are no objects with starbursts as
strong as those found at lower masses. This can be seen when looking at the distribution of
galaxies in the PC1-PC2 space in Figure 5.1: the strongest starbursts are found in the left-
hand edge of the distribution, which shifts to the right with the stellar mass, meaning that the
strongest starbursts in the high-mass range are in fact weaker than the strongest starbursts
found in the low-mass regime. This is supported by the declining trend in the specific star
formation rate3 calculated for these galaxies, as a function of their stellar mass (bottom panel
of Figure 5.9).
The unusually high central concentration of light in the g-band implies a centralised burst
3Star formation rate per unit mass, measured from dust-corrected Hα luminosity within the 3" SDSS spectroscopic
fibre.
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Figure 5.9: Top panel: the distribution of values of the burst mass fraction, estimated from
the population synthesis model fitting (described in Wild et al. 2007), for the young (post-
)starburst galaxies in the different stellar mass ranges.
Bottom panel: the distribution of values of the specific star formation rate, measured from the
Hα luminosity within the SDSS 3" spectroscopic fibre, for the young (post-)starburst galaxies
in the different stellar mass ranges.
of star formation, rather than a globally enhanced star-formation rate, which fits in the merger
picture. During a gas-rich major merger the gas is funnelled to the centre of the coalescing
system, leading to an intense burst of star formation within that central region (e.g. Di Matteo
et al. 2005; Johansson et al. 2009; Hopkins et al. 2006). The fact that the central starburst
affects the structure of less-massive galaxies more strongly, compared with the higher-mass
systems, could be a consequence of the higher probability of equal-mass mergers in the low-
mass regime, as such interactions are expected to produce the strongest starbursts (see e.g.
models developed by e.g. Mihos & Hernquist 1994, 1996; Cox et al. 2008).
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(As < 0.2)
Figure 5.10: The frequency of occurrence of bars and spiral arms in the starburst galaxies
with no signs of a past merger (AS < 0.2) obtained through visual inspection of the SDSS’
false-colour images. The shaded regions show the binomial 1σ confidence intervals, calcu-
lated after Cameron (2011).
Starbursts in galaxies with no signs of interaction
The obtained fractions of post-merger candidates in the samples of young (post-)starburst
galaxies may be used to constrain the upper limits on the frequency of such mechanisms. Based
on Figure 5.8, processes other than galaxy mergers can be responsible for up to ∼ 75% of the
starbursts in galaxies with M > 1010M, and in the low-mass regime (M < 1010M), less
than ∼ 55% of the starbursts are likely to have been triggered internally (but see also 5.13 for
the fractions obtained through visual inspection). Internal mechanisms proposed by previous
studies are density waves due to spiral structures (e.g. Lubow 1988) as well as bar-induced gas
inflows (e.g. Friedli & Benz 1995). Through visual inspection of the SDSS false-colour images,
I found that the high-mass starburst galaxies with no signs of a recent interaction tend to show
spiral arms and/or bars notably more often than their low-mass counterparts (and conversely,
smooth early-type morphologies are found more frequently in the low-mass regime). This can
be seen in Figure 5.10. Intuitively, this effect could be interpreted as a result of substructures
being more easily detectable at higher masses; however this should not be the case given the
r-band sizes of the most compact galaxies within my starburst samples with respect to the
minimum detectable bar-length in the SDSS r-band images (see Appendix A). The increase
in the bar fraction in starburst galaxies with increasing stellar mass is also unlikely to simply
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reflect the general relation between the presence of bars and the stellar mass of galaxies.
Méndez-Abreu et al. (2012) investigated the frequency of occurrence of barred galaxies in
the local Universe as a function of their stellar mass and found that within their samples bars
are most commonly found in galaxies with M ∼ 109M in the field and M ∼ 1010.5M
in clusters. This merely preliminary finding suggests that bars and spiral patterns may play
a more significant role in triggering bursts of star formation in high-mass galaxies, which in
general terms is also implied by Ellison et al. (2011), who found that the central star formation
rates of visually classified barred galaxies are higher when compared with unbarred galaxies
at M > 1010M but the same is not true at lower masses. A more in-depth study of bars and
spiral patterns in starburst galaxies, using shape asymmetry profiles is underway (see Section
7.3) and may help reveal the importance of such structures in enhancing the star formation
activity in galaxies.
5.4.2 The origin and fate of post-starburst galaxies
Theoretical models of galaxy mergers relate post-starburst galaxies to the late stage of the
merger remnants and therefore regard them as descendants of systems undergoing a cen-
tralised merger-induced starburst (see e.g. Wild et al. 2009). Observationally, it is difficult to
link the young and old (post-)starburst galaxies and to determine the role of galaxy mergers
in inducing post-starburst spectral characteristics due to the relatively short timescales of the
merger signatures (e.g. Lotz et al. 2010).
Descendants of the starburst galaxies?
Through the analysis of their spectral energy distributions and comparison with star formation
history models that included an old stellar population with a super-imposed burst, Wild et al.
(2010) showed that starburst galaxies follow an evolutionary track in the PC1-PC2 space. The
onset of a starburst brings galaxies down to the bottom-left corner of the parameter space,
corresponding to weak 4000Å -break strength and weak Balmer lines in absorption, and as
the starburst ages, the galaxies move up along the left edge of the distribution, as the balance
of their stellar population changes and the light from the A-type stars starts to dominate the
spectrum. As discussed by Wild et al. (2010), while the ages of the young (post-)starburst
galaxies can be well constrained, they become more challenging to estimate as the starburst
ages due to a degeneracy between the age and the strength of the burst. This can be seen
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when looking at the modelled evolutionary tracks in Figure 1.7. The post-starburst galaxies
located in the ‘hump’ at the top of the distribution may have either undergone a weak burst
of star formation recently or a stronger one in a more distant past. This makes the origin
of these galaxies uncertain: are they truly descendants of the young (post-)starburst galaxies
found in the bottom-left corner of the PC1-PC2 distribution? The declining star-formation
rate, measured from dust-corrected Hα luminosity within the 3” SDSS fibre, as a function of
the estimated starburst age (Wild et al., 2010; Rowlands et al., 2015) for a sample of bulge-
dominated galaxies with tSB < 600 Myr (also studied in this work - see Chapter 4) speaks in
favour of the extreme edge of the PC1-PC2 distribution representing an evolutionary sequence
following a starburst. A similar drop in the star-formation rate is also visible between the
young and old (post-)starburst samples considered in this study.
Further signs of an evolutionary sequence can be found in the structural and morphological
properties of the young and old (post-)starburst galaxies. At M < 1010.5M, the lower g-band
central concentration, measured by n, C and M20 (Figure 5.5) as well as the higher values of
n(r)−n(g), C(r)−C(g) and M20(r)−M20(g) (Figure 5.6), found for the post-starburst galaxies
with tSB > 0.5 Gyr, imply that they have redder bulges compared with the young starbursts
(tSB < 0.2 Gyr). At masses higher than 10
10.5M, it is more difficult to relate the young
and old (post-)starburst galaxies through their central concentration of light, as the effects of
the starburst are less pronounced than in the lower mass galaxies (as discussed in previous
section). Nevertheless, the quantities in Figure 5.6 also point to redder bulges at older ages.
Such bulge reddening is expected to be seen in ageing starbursts as the O/B stars move off the
main sequence, leaving the less massive A stars as the dominant populations.
Assuming a starburst triggering scenario that involves major mergers, the decline in the
frequency of occurrence of morphological disturbance (measured by AS) with the starburst age
supports the existence of an evolutionary sequence between the young and old post-starburst
galaxies (see Figure 5.8). As shown by Lotz et al. 2008, 2010 visual merger signatures are
most prominent at the first passage and the coalescence stages and do not tend to be visible for
longer than∼ 0.2−0.4 Gyr.4 Given that the old post-starburst galaxies considered in this work
have estimated starburst ages of at least ∼ 0.5 Gyr, it is not surprising that the morphological
disturbance is not as common as it is in galaxies with young/ongoing starbursts, which in turn
4These timescales were obtained by means of structural parameters: A and G − M20 rather than morphological
asymmetry.
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are believed to coincide with the most disruptive merger stages.
The fact that some of the old post-starburst galaxies have disturbed morphologies is in-
teresting and it could confirm that the unique post-starburst spectral properties are likely
to have been caused by a past merger; however, before any meaningful conclusions can be
drawn a timescale on which the disturbance measurable by AS is visible in galaxy mergers
needs to be constrained (see next chapter). The tendency for such features to be observed is
marginally higher in the highest-mass regime, particularly as measured in the g-band, A sim-
ilar trend was found by Trouille et al. (2013), although their study focused on galaxies with
1010.5 < M/M < 1011.5. For galaxies that experience their starburst at the first passage a
possible explanation of this effect would be the time delay between the first passage and the co-
alescence found in the models of high-mass mergers compared with the less massive ones (see
Lotz et al. 2008, 2010), meaning that the tidal signatures would be visible for a more extended
period of time after the starburst, compared with the low-mass galaxy mergers. However, as
galaxies in the high-mass regime are more likely to host prominent bulges than low-mass
galaxies, which as modelling has shown (Mihos & Hernquist, 1996), delay the onset of the
starburst to the coalescence phase, and the image analysis revealed that only a small number
of the young (post-)starburst galaxies are in pre-coalescence merger stages, is not clear why
the high-mass post-starburst galaxies should be more likely to have disturbed morphologies
than their low-mass counterparts. Given the higher luminosity of the more massive galaxies,
such features could simply be brighter in the higher mass regime, and a morphological analysis
of such features seen in galaxy merger simulations will help explore this possibility.
Pathways to the red sequence?
Post-starburst galaxies have been considered a transition phase between the gas-rich star-
forming galaxies found in the blue cloud and those evolving passively on red sequence and
evidence supporting this claim can be found in both observations and simulations (e.g Wild
et al. 2009). The morphological and structural image analysis carried out in this study also
points to a transitioning evolutionary phase, revealing that the old post-starburst galaxies tend
to have intermediate properties, between those found for the equally massive star-forming and
quiescent galaxies. The relative likeness of the old post-starburst galaxies to the two popula-
tions varies with the stellar mass: they tend to have levels of central concentration more simi-
lar to the star-forming galaxies at 109.5 < M/M< 1010.5 and to the quenched red-sequence
133
Chapter 5. Dependence of the evolutionary path on stellar mass
galaxies in the highest-mass regime (1010.5 < M/M < 1011). As can be seen in Figures 5.5
and 5.4, there are remarkably pronounced trends in the values of n, C , G and M20 that emerge
as a function of the different galaxy type, when moving from star-forming, through starburst
and post-starburst to passive galaxies. More specifically:
• In the highest mass regime, the median values of n, C and G increase along the SF-SB-
PSB-PAS sequence, and there is a declining tendency in M20. These trends point to an
increasing central concentration and, consequently, the inequality in the light distribu-
tion, as a function of the galaxy ‘type’.
• At lower masses, the corresponding trends are less pronounced, mainly because the
starburst galaxies have significantly enhanced central concentration due to the presence
of newly born stars in the central regions (sharp increase in the values of n, C and G
and decrease in M20). Furthermore, the values of all four parameters measured for the
old post-starburst galaxies are closer to those characteristic of the blue-cloud than to the
red sequence, compared with the high-mass regime.
This implies that the low- and high-mass (post-)starburst galaxies either follow different evo-
lutionary pathways or are at different stages of the same evolutionary sequence. The trends
in the structural parameters pertaining to their central concentration may suggest that, at
109.5 < M/M < 1010.5, (post-)starburst galaxies are a phase through which galaxies that
experienced a recent starburst are being recycled back onto the blue-cloud, and it is only at
higher masses (M/M > 1010.5) where they represent the transitioning population between
the blue cloud and the red sequence. This finding agrees with the recent result of the study
of post-starburst galaxies with 109.6 < M/M< 1010.4 by Rowlands et al. (2015), who found
that the levels of gas and dust reservoirs in these objects is comparable with that of star-forming
galaxies, rather than with those that evolve passively. This diversity in the properties of the
low- and high-mass (post-)starburst galaxies could perhaps be explained by a mixed scenario
of major and minor mergers that will gradually move the galaxies off the blue cloud and place
them on the red sequence. Given the earlier discussed evidence for higher frequency of major
mergers in lower-mass (post-)starburst galaxies, it may appear that a single major merger is
not sufficient to transform the structures of the interacting galaxies into a highly concentrated
red-sequence galaxy. Further evolution, perhaps through minor mergers (or the less frequent
major mergers as suggested by the morphology of some old (post-)starburst galaxies) could
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further transform their structure and eventually lead them to join the red galaxy population. It
has been shown by previous studies (e.g. Bournaud et al. 2007) that multiple minor mergers
can indeed lead to remnants with early-type morphologies. Consequently, the most massive
old post-starburst galaxies may be further along this multi-stage evolutionary path, which
would explain their close resemblance to the red-sequence galaxies. This scenario fits in the
picture painted by some of the numerical simulations of galaxy mergers. Although in many
previous theoretical works (e.g Toomre & Toomre 1972; Barnes 1988) the major merger rem-
nants have been found to resemble the highly concentrated elliptical galaxies, others showed
that they tend to have structure characteristic of early-type disks with remaining gas residuals
(e.g. Lotz et al. 2008, 2010).
5.5 Comparison with previous studies
The scarcity of post-starburst galaxies in the Local Universe (making their higher-z counter-
parts a more common subject of study) as well as the differences in the selection criteria em-
ployed by different studies makes direct comparison of the results with literature not straight-
forward. Previous studies of morphology and structure of galaxies with signatures of a recent
starbursts usually involved placing emission-line cuts during sample selection, leading to re-
jection of the (post-)starburst galaxies with any residual star-formation activity and resulting
in preferential selection of completely quenched post-starburst galaxies. Such quenched post-
starburst galaxies have been found to be highly-concentrated and early-type in various studies
(e.g. Blake et al. 2004; Goto 2005); however, in some others they reveal the presence of a
disk and spiral structures (Caldwell & Rose 1997; Dressler et al. 1999). Recently, Vergani et al.
(2010), found that the structural properties of such systems at z = 0.48 − 1.2 place them
between the star-forming and the passively-evolving galaxies. Their result is in a qualitative
agreement with the findings of this work, however the different selection criteria and redshift
regime should be kept in mind.
5.5.1 The effect of different post-starburst selection criteria
In order to facilitate a more direct comparison with previous works, and to examine the effects
of the different selection criteria, I built two further samples of post-starburst galaxies. Below,
I summarise the spectroscopic properties of the differently selected galaxy samples, including
the already analysed old post-starburst sample (PSB):
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Figure 5.11: The distribution of all galaxies in the parent samples in the three stellar mass regimes
(grayscale). Over-plotted in colour are total samples of young and old (post-)starburst galaxies
(filled symbols), with colour-coded starburst ages estimated by population synthesis model fitting, the
quenched post-starburst galaxies (open squares) and the ‘k+a’ galaxies selected using criteria from Goto
et al. 2008 (open rhombuses).
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9.5<log(M)< 10 10<log(M)< 10.5 10.5<log(M)< 11
PSB 124 139 32
QPSB 23 16 1
‘k+a’ 15 6 1
QPSB and ‘k+a’ 9 5 1
Table 5.6: The number of post-starburst galaxies selected using different criteria, in the
different mass regimes.
• Post-starburst galaxies (PSB): selection based on principal component analysis with
−PC2 > 0.0 and estimated starburst ages greater than 0.5 Gyr (as described in Section
5.1);
• Quenched post-starburst galaxies (QPSB): selection as above with additional emission
lines cut: Hα EW> 3.0Å and [OII] EW > 2.5Å, rejecting all galaxies with residual star-
formation;
• Traditional post-starburst galaxies (‘k+a’): selected using the traditional cuts on Balmer
absorption (Hδ > 4Å) and emission line equivalent widths (Hα EW> 3.0Å, [OII] EW
> 2.5Å), after Goto et al. 2008.
The numbers of galaxies within each sample are shown in Table 5.6. In Figure 5.1 I show the
distribution of the differently selected galaxies with post-starburst signatures in the PC1-PC2
parameter space. In each mass bin, the parent galaxy sample (see Section 5.1) is shown in
greyscale, and the post-starburst galaxies are over-plotted as: filled circles with colour-coded
estimated starburst ages (total PSB+SB samples, prior to mass matching), open squares (QPSB
samples) and orange symbols (k+a samples). It can be seen in the Figure that both QPSB and
k+a selections lead to samples of aged post-starburst galaxies and miss out those with younger
starburst ages.
In Figure 5.12, I compare the structural properties of the different samples of post-starburst
galaxies, quantified by n, C and M20, measured in the r-band. Clearly, the quenched post-
starburst galaxies and the ‘k+a’ galaxies show higher n and C and lower M20 than the total
samples of the post-starburst galaxies, pointing to higher central concentration. In the low-
mass bin, the galaxies with no emission lines are as highly concentrated as the red-sequence
galaxies with equal masses, and at M > 1010M, their central concentration exceeds the
values characteristic for the red sequence. This explains why the values of C and n reported
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Figure 5.12: The distribution of the r-band values of n, C and M20 (from left to right) measured for the
post-starburst (PSB) galaxies selected using different criteria (see text) and the passively evolving red-
sequence (RS) galaxies, for comparison. The horizontal panels contain results obtained in the different
stellar mass regimes, with decreasing mass from top to bottom. In the highest mass regime, the single
QPSB/‘k+a’ galaxy is marked by a cross in a randomly selected position along the y-axis.
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by previous studies of galaxies with recent starbursts tend to be higher than those obtained in
this work. In terms of the presence of morphological disturbance, the emission line cuts did not
introduce notable changes in the sample properties. The similarity of the structural properties
of the QPSB and ‘k+a’ galaxies means that the difference between the traditional selection
method and the PCA (Wild et al., 2007) lies primarily in the emission line cut included in the
former.
5.5.2 The bimodal nature of post-starburst galaxies
The quenched post-starburst galaxies could naively be thought of as aged emission-line post-
starbursts; however, the relative number of the PSB and QPSB galaxies as well as their diver-
gent structural properties lead to a different conclusion. As shown in Table 5.6 the emission-
line post-starburst galaxies are much more numerous than those with no ongoing star forma-
tion, meaning that they are unlikely to be subsequent evolutionary stages, unless the timescales
associated with the QPSB phase are shorter when compared with those characteristic of the
emission-line PSB (however, it is not clear why that should be the case). Furthermore, the
significantly more concentrated structure of the quenched post-starburst galaxies, seen par-
ticularly well in the values of n, makes it implausible that they could have evolved from the
emission-line post-starbursts through gradual quenching of their star formation. It seems more
likely that the QPSB have undergone a more rapid quenching than the PSB, perhaps due to a
more catastrophic starburst-triggering event, leading to a more dramatic increase in the cen-
tral concentration. On the other hand, the quenched post-starburst galaxies could be remnants
of a different merger type, for example in which a small burst is added to an already red and
dead galaxy via accretion of a gas-rich satellite.
As for the emission-line post-starburst galaxies, their lower central concentration relative to
the quenched post-starbursts makes it unlikely for the presence of the emission lines in their
spectra to all be due to AGN (although active nuclei are not uncommon in (post-)starburst
galaxies - see e.g. Wild et al. 2007, 2010). They could also not be continuously star-forming
galaxies that have been misclassified as post-starbursts as their structural properties do not
match those characteristic of the blue-cloud galaxies (see Figures 5.5 and 5.4). They must
therefore be a true post-starburst population with some residual star-formation remaining
after the starburst, that have originated in a less catastrophic triggering event and therefore
resulted in a more gradual truncation of the star-formation rate and less extreme structural
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transformation, compared with the quenched post-starburst galaxies.
Interestingly, a bimodal distribution can also be seen in the values of the Sérsic index found
for the young (post-)starburst galaxies (Figure 5.3). In all mass regimes, there is a small subset
of objects (∼ 10− 20% of the total samples, prior to mass matching) which show unusually
high values of n, often exceeding the typical values characteristic of the red sequence galaxies,
similarly to the quenched post-starburst galaxies. In fact, their relative incidence is close to
that of the quenched galaxies in the post-starburst samples (∼ 5 − 20%). This similarity is
encouraging as it provides an indirect evidence for the evolutionary link between the young
and old (post-)starburst galaxies selected using the PCA.
5.6 Measuring morphological asymmetry in ageing starbursts
In Figure 5.13, I present the evolution of the post-merger candidate fraction (ζ) in the sam-
ples of (post-)starburst galaxies, as a function of mass. The panels show values for: the young
(post-)starburst galaxies with tSB < 0.2 Gyr (top), a subset of the young (post-)starburst sam-
ple with tSB < 0.1 Gyr (middle), the old post-starburst sample (bottom). In each case the
post-merger candidates were defined by AS ¾ 0.2, measured in g, r and i-bands, and through
visual inspection of the r-band images. The agreement between the visual and automated
classifications of the youngest galaxies (tSB < 0.1 Gyr) is better than when considering those
with tSB ® 0.2 Gyr, which is expected for merger-induced starbursts due to the features show-
ing highest level of asymmetry immediately after the merger. Interestingly, the visual and
automated classification diverge as a function of the stellar mass. This could be a result of the
increasing bulge sizes with the mass of galaxies, which models have shown to delay the onset
of the starburst from the first passage to the coalescence phase in major mergers (e.g. Mihos
& Hernquist 1996), at which stage the features tend to already be gaining symmetry. It is
therefore not surprising that the discrepancy between the visual and automated classifications
of the massive old post-starburst galaxies is even more pronounced. If these galaxies are more
evolved versions of the young (post-)starburst galaxies, then those in which the starbursts
were driven by mergers could be expected to show more symmetric features compared with
the young (post-)starburst galaxies. In fact, the visual inspection revealed presence of such
features, characteristic of evolved merger remnants in some of the most massive post-starburst
galaxies. The evolution of the tidal features in simulated galaxy mergers is discussed in the
next chapter.
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Figure 5.13: The evolution of ζ with stellar mass of the galaxies, with ζ being the fraction of galaxies
with visible signs of a past merger, obtained by means of automated classification (AS ¾ 0.2) in the gri
passbands as well as visual image inspection in the r-band, for comparison. The shaded regions show
the binomial 1σ confidence intervals, calculated after Cameron (2011). The top panel shows the values
of ζ obtained for the total samples of starburst galaxies, middle panel - only those with starburst ages
below 0.1 Gyr, and the bottom panel - the post-starburst galaxies. Values obtained for the continuously
star-forming samples are also shown and are regarded as control measurements.
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5.7 Summary
The morphological and structural analysis of galaxies with spectroscopic signatures of a re-
cent (tSB < 0.2 Gyr) and aged (tSB > 0.5 Gyr) central starburst revealed differences in their
properties as a function of the stellar mass. Below, I summarise the main conclusions inferred
from the analysis:
• The decrease in the frequency of occurrence (from ∼ 40% to ∼ 20%) of morphological
disturbance (as measured by AS ¾ 0.2) in young (post-)starburst galaxies, as a func-
tion of their stellar mass, indicates that major mergers play a more significant role in
triggering starbursts in local galaxies with 109.5 < M/M < 1010 than in those with
1010 < M/M < 1011. The high central concentration of young (post-)starburst galax-
ies with M/M < 1010.5, particularly in the g-band, compared with objects that form
stars in a continuous manner, implies centralised starbursts rather than a global en-
hancement in the star-formation rate, also pointing to galaxy mergers as the triggering
mechanism in this mass regime. A similar effect is not observed in the highest mass bin
indicating that a more spatially extended region of enhanced star formation. This result
is in agreement with the declining probability of major mergers with increasing stellar
mass of galaxies.
• The high central concentration of the most massive old (post-)starburst (1010.5 < M/M<
1011) galaxies implies that they are either a transitioning population between the star-
forming and passively evolving galaxies or that they have come from the red sequence;
however the same is not true at lower masses. Their structural properties suggest that at
M/M< 1010.5 galaxies that have experienced a starburst return to the blue cloud and
further structural transformation is required before they can reach the red sequence.
This is in agreement with Rowlands et al. (2015) who found residual cold gas reser-
voirs in post-starburst galaxies in this mass regime. This could be explained by a mixed
scenario of major and minor mergers which gradually move the galaxies from the blue
cloud to the red sequence, and where the high-mass (post-)starburst galaxies are further
along the evolutionary path between the blue and red populations, than the low-mass
(post-)starburst galaxies.
• Structural analysis helps to disentangle two populations of old post-starburst galaxies
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in the local Universe: those with and without emission lines. The former, with com-
pletely quenched star-formation that have undergone a rapid quenching, perhaps due
to a catastrophic starburst-triggering event, leading to a more dramatic increase in the
central concentration or already red and dead galaxy that have accreted a gas-rich satel-
lite. The latter, emission-line (post-)starburst galaxies with some residual star-formation
remaining after the starburst, triggered in a less catastrophic event, resulting in a more
gradual truncation of the star-formation rate and less extreme structural transformation.
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6
Shape asymmetry of post-mergers in
hydrodynamical simulations
In previous chapters I studied the connection between major mergers and starbursts ob-
served in some galaxies by searching for post-merger features in the images of (post-)starburst
galaxies. I demonstrated that many such galaxies show significant morphological disturbance,
suggesting a recent event of a a dynamically disruptive nature, and showed that the level of
disturbance can be quantified in a robust manner by means of the shape asymmetry. Here,
I finalise my analysis by quantifying the morphological evolution of galaxies following a ma-
jor merger seen in hydrodynamical simulations, by using the same asymmetry indicator, with
an aim to constrain the visibility timescales of the disturbance measured by AS in the post-
coalescence merger stage. Previous studies involving merger simulations have used other in-
dicators that measure the structural disturbance. Lotz et al. (2008, 2010) used A, G − M20
and G − A to constrain the timescales of the merger-induced disturbance and found that the
result was dependant on the method used for the measurement. They also found that the level
145
Chapter 6. Shape asymmetry of post-mergers in hydrodynamical simulations
of disturbance peaks during the first passage and immediately prior to the final coalescence
of the two nuclei but the intermediate stages as well as those following the coalescence may
appear undisturbed, and that in general, the level and timing of the disturbance depends on
the initial conditions of the merger. Within their models, those with intrinsically asymmetric
prograde-retrograde and polar orientations tend to have more disrupted structure than those
in the more symmetric prograde-prograde configuration. Their study also showed that some
viewing angles may be less optimal in revealing the merger signatures in galaxies than others.
In this chapter, I first investigate how the timescales of the disturbance measured by AS depend
on the different merger conditions and viewing angles and then compare the morphological
evolution of the simulated post-merges with that observed in real galaxies, following the onset
of a starburst.
6.1 Data: mock images of galaxy mergers
In my analysis I used mock images of galaxies in an evolutionary sequence following a major
merger, produced by means of simulations developed by Johansson et al. (2009), based on
the Tree-SPH-code GADGET-2 (Springel et al., 2005), which follows the dynamics of collision-
less matter via the N-body method and that of the gas by means of the Lagrangian Smoothed
Hydrodynamics. The code includes star-formation and the associated feedback from the su-
pernovae. Below, I briefly describe the models of the galaxies used as well as the merger
simulation parameters but for a more detailed description as well as for specifications of the
physics implemented in the code, I refer the reader to the publication by Johansson et al.
(2009).
6.1.1 Galaxy models
The galaxies in the merger simulations were modelled according to the ΛCDM cosmology, with
Ωm = 0.30, ΩΛ = 0.70 and H0 =70kms−1Mpc−1, to resemble galaxies seen in the local Uni-
verse. In the models, containing 20,000 gas and stellar disk particles, 10,000 bulge particles
and 30,000 dark matter particles, each galaxy was embedded in dark mater halo characterised
by its virial velocity, vvir=160 km/s, and virial mass, Mvir =v3vir/10GH0 = 1.34× 1012M1,
which determined the physical properties of the system’s components. Each galaxy was set to
have a bulge and a disk component, with the disk characterised by an exponential light profile,
1with G being the gravitational constant.
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a mass of Md = 0.041Mvir and a gas mass fraction of fgas=0.2, and the bulge having the total
mass of Mb = 0.0331Mvir . The scale lengths of the components were determined from the
conservation of the angular momentum of the system, as described by Johansson et al. (2009).
The resulting galaxy models have an early-type disk morphologies and total stellar masses of
8.9× 1010M.
6.1.2 Merger simulations
The merger simulations considered in this work involved a pair of the above described model
galaxies set up on collisional trajectories with the following initial orbital configurations:
• A symmetric configuration (G0): a merger of galaxies in prograde (with orbital and
rotational motions in the same direction), nearly parabolic coplanar orbits, with the
galactic disks perfectly aligned with the orbital planes (i1 = 0o,i2 = 0o,ω1 = 0o,ω2 =
0o);
• An asymmetric configuration (G13): a merger of galaxies in parabolic orbits with a
high inclination of the galactic disks with respect to the orbital planes (i1 = −109o,i2 =
180o,ω1 = 60o,ω2 = 0o).
Here, i1 and i2 represent the angles of inclination of the galactic disks to the orbital planes
and ω1 and ω2, the arguments of the pericentres
2 of the orbits. A detailed description of the
different geometric configurations can be found in Naab & Burkert (2003). Each of the two
simulations began at an initial separation given by the mean of the virial radii of the progen-
itors, and were run for 3 Gyr and modelled the evolution of the interacting system through
the whole sequence including the pre-merger stages and the post-coalescence evolution of the
remnant.
6.1.3 Image synthesis
From the simulations output parameters, including the positions and ages of the star particles
within the disk and the bulge at a given time, with the time step set to 0.02 Gyr, I created
mock images of the galaxies at each time-step, building on an IDL code developed by Dr V.
Wild. The code uses stellar population synthesis models convolved with the SDSS ugriz filter
2defined as the angular distance between the pericentre and the ascending node, which is the point of intersection
of the plane of the disk with that of the orbit, through with the rotation proceeds from ‘south’ to ‘north’ with
respect to the orbital plane.
147
Chapter 6. Shape asymmetry of post-mergers in hydrodynamical simulations
Coplanar orbital configuration
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Figure 6.1: Examples of mock r-band images of galaxies along the merger sequence (from top to
bottom) in the coplanar configuration, seen from the different viewing angles, from left to right: face-
on (0,0,0), a randomly chosen (α,β ,γ) and (α+pi/2,β ,γ). The time on the vertical axis is set to t = 0.0
at the coalescence of the two nuclei.
148
6.1. Data: mock images of galaxy mergers
Figure 6.2: Examples of mock r-band images of galaxies along the merger sequence (from top to
bottom) in the coplanar configuration, seen from the different viewing angles - cont. From left to right:
(α+pi,β ,γ), (α+3pi/2,β ,γ), (α,β+pi/2,γ) and (α,β+3pi/2,γ) The time on the vertical axis is the same
as in Figure 6.1.
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Inclined orbital configuration
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Figure 6.3: Examples of mock r-band images of galaxies along the merger sequence (from top to
bottom) in the inclined configuration, seen from the different viewing angles, from left to right: face-
on (0,0,0), a randomly chosen (α,β ,γ) and (α+pi/2,β ,γ). The time on the vertical axis is set to t = 0.0
at the coalescence of the two nuclei.
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Figure 6.4: Examples of mock r-band images of galaxies along the merger sequence (from top to
bottom) in the inclined configuration, seen from the different viewing angles - cont. From left to right:
(α+pi,β ,γ), (α+3pi/2,β ,γ), (α,β+pi/2,γ) and (α,β+3pi/2,γ) The time on the vertical axis is the same
as in Figure 6.3.
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response functions, to assign a spectral energy distribution (SED) to each particle, based on
the information about its age. For each time step, the particle positions were projected onto
a two-dimensional grid, with a distance to the interacting galaxies corresponding to z = 0.04.
For each time step, the code was set to create seven images in a given passband, each with the
galaxies being viewed from a different orientation. These orientations can be characterised by
angles of rotation in a three-dimensional coordinate system: α - around the x-axis, β - around
the y-axis and γ - around the z-axis, where the rotation matrix is defined as follows:
R =

cosβcosγ −cosαsinγ+ sinαsinβcosγ sinαsinγ+ cosαsinβcosγ
cosβsinγ cosαcosγ+ sinαsinβsinγ −sinαcosγ+ cosαsinβsinγ
−sinβ sinαcosβ cosαcosβ
 (6.1)
They include: a face-on orientation (0,0,0), a randomly chosen orientation (α,β ,γ) with
each angle between 0 and 2pi, and further five orientations related to (α,β ,γ) in the following
ways: (α+pi/2,β ,γ), (α+pi,β ,γ), (α+3pi/2,β ,γ), (α,β+pi/2,γ) and (α,β+3pi/2,γ). In each
orientation, the grid was set up to match the SDSS image resolution, with 0.396 arc seconds
per pixel. An image in a given passband and orientation was then created by summing up
the luminosities of the particles within each pixel, integrated from the SED convolved with an
appropriate filter function. The luminosities were converted to the flux at a distance corre-
sponding to z = 0.04, calculated within the same cosmological framework as that assumed in
the simulations. Then, the flux, f , was calibrated to the AB magnitude system, defined such
that in every filter, the zero-point flux density is equal to f0 = 3631 Jy3:
mAB = −2.5× log10( f / f0) (6.2)
Finally, the magnitudes were converted to counts - the units of the SDSS images - through the
SDSS asinh magnitude definition (Lupton et al., 1999):
counts = tex p × f / f0 × 10(−0.4(mZ P+kA)), (6.3)
with f / f0 = 2b× sinh (−mAB (ln(10)/2.5)− ln(b)) . (6.4)
In the above equations, b is the ‘softening parameter’ set approximately to the 1σ of the sky
31Jy [Jansky] = 10−26W Hz−1m−2 = 10−23er gs−1Hz−1cm−2
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noise, tex p is the exposure time, mZ P is the photometric zero-point in the given band, k is
the extinction coefficient and A, the airmass at the given position4. This process produced
idealised images, with no sky noise or the point-spread-function (PSF) blurring due to astro-
nomical seeing and camera response, and they needed to be degraded in order to match the
observations. Therefore, the next step involved convolution of the mock images with a PSF
built by summing two Gaussian functions with widths and relative maxima matching those
characteristic for the SDSS images. This was followed by addition of Gaussian random noise,
again with the standard deviation matching the typical error in the photoelectron counts in the
SDSS images. The effects of the dust extinction on the light distribution in the galaxies were
not included in the image synthesis, and they will be investigated in future work. In Figures
6.1, 6.2, 6.3 and 6.4, I present examples of the mock galaxy images created by following the
above procedure. The choice of the displayed timescale is explained in the next section.
6.2 Evolution of the tidal features following a merger
In Figure 6.5, I present the r-band values of the shape asymmetry measured along the G0
and G13 merger sequences, shown in blue and red colour schemes, respectively, with different
shades corresponding to the different viewing angles. In each case, the sequence begins at a
stage when the two galaxies are approaching coalescence, following the first passage, and
the separation between them is small enough for the algorithm to recognise them as one
system, rather than two separate galaxies5. For most orientations, this occurred at ∼ 0.1−0.2
Gyr prior to the coalescence, depending on the initial geometry of the system. The different
orbital parameters of the two merger simulations lead to slightly different timescales on which
the galaxies coalesce following their first encounter, with the G0 geometry leading to a final
merger∼ 0.1 Gyr faster than the G13 configuration. As the post-coalescence stages are of most
interest to this study, I synchronised the timescales of the two simulations such that t = 0.0
corresponds to the final coalescence stage in each case. As a result, there is an offset of 0.1 Gyr
between the data obtained for the G0 and the G13 simulations when plotted along a common
time-axis.
4More information on the process of the photometric calibration of the SDSS flux can be found at
http://classic.sdss.org/dr7/algorithms/fluxcal.html.
5The algorithm is not designed for applications to pre-coalescence merger stages with galaxies at large separation.
In the case of such large separations and/or if the interacting galaxies not connected by a bridge, a single detection
mask for the galaxy with a brighter nucleus will be created.
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Figure 6.5: Time evolution of the tidal disturbance in the outskirts of the (post-)mergers, quantified by
AS , in the two merger simulations: coplanar (top) and inclined (bottom). The timescales are synchro-
nised such that in each case the final merger occurs at t = 0.0 (marked with the dashed lines), meaning
that the pre-coalescence stages are characterised by negative values of t. The solid lines show the level
at AS = 0.2. Within each plot, the different colours correspond to the different viewing angles.
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6.2.1 Timing the visibility of the tidal features
As shown in Figure 6.5, the prominence and visibility timescale of the faint asymmetric tidal
features are highly dependent on the interaction geometry, and in both coplanar and inclined
encounters, there is a notable variation in the measured values of AS with the viewing angle.
In both simulations, the galaxies show significant disturbance prior to the final coalescence
(reaching AS ∼ 0.4 − 0.6) but generally, the coplanar configuration results in slightly less
prominent features that fade away quicker. By the time the galaxies have merged, there dis-
crepancy between the measurements obtained for the two simulations becomes even more
pronounced, specifically:
• Coplanar orbits: By the coalescence stage, the asymmetry of the tidal features drops to
0.1 − 0.15 but soon after that it rises again to briefly peak at t ∼ 0.1 Gyr, with values
not greater than ∼ 0.25. At all viewing angles, the shape asymmetry falls below 0.2 by
∼ 0.2 Gyr after the merger.
• Inclined orbits: The drop in the shape asymmetry prior to coalescence is less dramatic
than in the G0 case and the final merger shows presence of significantly disturbed out-
skirts, with values of AS ranging between ∼ 0.3 and ∼ 0.4. This is followed by a steady
decline in the values of AS over the next 0.5 Gyr, with brief enhancements visible at some
viewing angles, one at t ∼ 0.1 Gyr and another just before t ∼ 0.4, reaching AS ∼ 0.4
and AS ∼ 0.3, respectively. Even after 0.4 Gyr, there is a possibility of detecting fetaures
with AS ¾ 0.2.
Based on the considered simulations, the timescale on which morphological signatures of a
merger are detectable through AS ¾ 0.2 varies from 0.0 to∼ 0.4 Gyr from the coalescence, de-
pending on the initial geometry of the interaction and the viewing angle. The longer timescale
for the observability of merger signatures in the inclined configuration is in an agreement with
the results of the study by Lotz et al. (2008), who found the persistent signs of disturbance
(traced by A and G−M20) in simulations with large configurational asymmetry: in their mod-
els, the polar and retrograde-prograde orientations show signs of disturbance for 50− 100%
longer than the prograde-prograde mergers.
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Coplanar configuration (G0)
Pre-merger Post-merger
AS < 0.2 0.04 0.20 0.19 0.19 0.15 0.23
0.2¶ AS < 0.3 0.71 0.29 0.00 0.00 0.00 0.00
0.3¶ AS < 0.4 1.00 0.00 0.00 0.00 0.00 0.00
AS ¾ 0.4 1.00 0.00 0.00 0.00 0.00 0.00
Time since the coalescence —->
Inclined configuration (G13)
Pre-merger Post-merger
AS < 0.2 0.05 0.00 0.05 0.08 0.14 0.67
0.2¶ AS < 0.3 0.01 0.13 0.27 0.33 0.21 0.04
0.3¶ AS < 0.4 0.24 0.57 0.16 0.00 0.02 0.00
AS ¾ 0.4 0.88 0.13 0.00 0.00 0.00 0.00
Time since the coalescence —->
Table 6.1: The fraction of mock galaxies with a given value of the r-band AS , that have a
merger age within a given range. The values in the first column correspond to 0.1 Gyr prior
to the coalescence and the next five columns to the following post-coalescence intervals, in
Gyr: 0.0¶ t < 0.1, 0.1¶ t < 0.2, 0.2¶ t < 0.3, 0.3¶ t < 0.4 and 0.4¶ t < 0.5.
6.2.2 Estimating the merger age
The large variability of the tidal signatures with the orbital parameters of the merger makes
it challenging to assign a given value of AS to a particular stage of the interaction. However,
predictions about the most likely merger stage of a system can be made based on its value of the
shape asymmetry. The numbers presented in Table 6.1 describe how frequently a mock galaxy
with AS in a given range is found to be in a given time interval, relative to the coalescence
time. The numbers were computed separately for each of the two simulations, considering
the sequence between t = −0.1 Gyr and t = 0.5 Gyr, observed from all viewing angles. The
investigated time intervals include: −0.1 ¶ t < 0.0, 0.0 ¶ t < 0.1, 0.1 ¶ t < 0.2, 0.2 ¶ t <
0.3, 0.3¶ t < 0.4 and 0.4¶ t < 0.5G yr.
Based on the analysis of the two simulations, it appears that, within the timeframe stretch-
ing from 0.1 Gyr before to 0.5 Gyr after the coalescence:
• a galaxy/system with AS ¾ 0.4 is most likely to be in the pre-coalescence merger stage,
regardless of the orbital configuration of the interaction;
• a galaxy/system with 0.3 ¶ AS < 0.4 is most likely either in the pre-coalescence stage
(in either G0 or G13 but more likely the former) or in the first ∼ 0.1 Gyr of the post-
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coalescence phase in a merger with G13-geometry;
• a galaxy/system with 0.2 ¶ AS < 0.3 could be either approaching the coalescence or
in the first ∼ 0.1 Gyr of the post-coalescence stage in the G0-geometry, or alternatively,
it could have experienced the final merger somewhere within 0.2− 0.4 Gyr ago in the
G13-configuration;
• a galaxy with AS < 0.2 most likely a more evolved post-merger (t ¾ 0.4 Gyr) in the
G13-geometry; however, in the G0-configuration it is almost equally likely to be found
at any post-merger stage.
The above estimates are not hard constraints, as these can only be obtained with a statistical
analysis of a large suite of simulations spanning a range of different initial conditions and
various properties of the interacting galaxies (one of the main goals of the next step of this
study). The current analysis shows that estimating the age of the merger becomes increasingly
difficult with declining values of AS . It also confirms that certain orbital configurations may not
leave long-lasting tidal signatures of the interaction, making the detection of galaxies in the
post-coalescence merger stage challenging. As seen in the simulation with the G0-geometry,
the shape asymmetry of the post-merger may never reach the threshold of 0.2, except of a
brief window of ∼ 50 Myr and only for specific viewing angles.
6.3 Structural evolution of post-mergers - comparison with previ-
ous studies
To facilitate a comparison with previous works, I also considered the post-coalescence evo-
lution of the structural parameters, which have been used for similar studies in the past. In
Figure 6.6, I present the r-band values of C , A, G and M20 measured for the mock galax-
ies evolving along in the G0 and G13 simulations. These measures were used by Lotz et al.
(2008) to quantify the structural evolution of galaxies in merger simulations with various
orbital configurations, orientations and properties of the interacting galaxies. Due to the dif-
ferent simulation parameters used in their study compared to the G0 and G13 simulations one
can expect the values of the structural parameters to differ between the different studies and
a comparison of the observed trends with the merger age is a more appropriate approach.
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Figure 6.6: Time evolution of the structural properties of the (post-)mergers, quantified by A, C , M20
and G, in the two merger simulations: coplanar (left) and inclined (right). The timescales are syn-
chronised such that in each case the final merger occurs at t = 0.0, meaning that the pre-coalescence
stages are characterised by negative values of t. Within each plot, the different colours correspond to
the different viewing angles.
158
6.3. Structural evolution of post-mergers - comparison with previous studies
Figure 6.7: The joint distributions of G and M20, and G and A, for the (post-)mergers in the two
simulations: coplanar (blue colour scheme) and inclined (red colour scheme). Each plot contains the
measurements obtained for all seven viewing angles. The different colours correspond to different
stages of the interaction (see legend).
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• Asymmetry: The values of A immediately prior to the coalescence are generally higher in
the case of the inclined configuration, where the drop in A corresponds to a brief phase
during which the galaxies go through the second passage before they finally merge.
There is an obvious drop at the final merger, seen in both simulations. A similar drop
was found by Lotz et al. (2008) who also measured higher values of A in simulations
with intrinsically higher initial configurational asymmetry.
• Concentration: As a meaningful interpretation of the concentration parameter is only
possible for galaxies with a single nucleus, I will not discuss the pre-coalescence values
in this case. Following the final merger, there is a decline followed by an increase in
the values of C , visible in both simulations, with a sharper drop found in the case of the
coplanar configuration. An initially decreasing trend followed by rise in the values of C
was found by Lotz et al. (2008) in some of their simulations (others showed very little
evolution); however, with a much less pronounced decline and, generally, significantly
lower values of C (∼ 3.5).
• M20: As expected, the coalescence of the two nuclei is reflected in a dramatic drop in the
values of M20, which remain nearly constant during the first 0.6 Gyr after the merger. In
the simulations studied by Lotz et al. (2008), the values of M20 show a similar decline
during the merger and tend to stay either nearly constant or increase over the same
period of time; however, at somewhat higher values (∼ −2.0).
• Gini index: The measured values of the Gini index are exceptionally high prior to the co-
alescence in both merger simulations and they increase even further during the merger,
particularly in the G0 configuration. Such high values of G were not found in the study
by Lotz et al. (2008) nor was the declining trend with the merger age.
The unusually high values of the Gini index reflect particularly unequal light distributions
in the post-coalescence merger phase, which, combined with the extremely low values of M20
point to a high central concentration rather than a disturbed light distribution. This was con-
firmed during inspection of the surface brightness profiles of the mock galaxies, which tend to
steepen considerably within the innermost few pixels. Though counterintuitive, it is likely that
the sudden drop in C , is a result of this effect. An extreme central profile steepening means
that the majority of the galaxy’s total light is confined to a small central region (as indicated
by high values of G). This means that the values of both growth curve radii, r20 and r80, will
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be significantly reduced resulting in a drop in C . The reason of such a dramatic increase in the
central concentration of light within the merger remnant is not clear. As argued by, e.g. Lotz
et al. (2008), the presence of dust has a significant effect on the central concentration of light in
galaxies following a merger, decreasing the measured values of C and G and increasing those
of M20 and A as the light from the central star-forming region is obscured. However, upon
investigation of images with implemented dust effects, I found little difference in the obtained
values of the structural parameters. Similarly, no significant difference was observed when
using higher-resolution simulations or when considering merging systems in which the pro-
genitors host less prominent bulges (the additional simulations were run by Noelia Jimenez).
It is possible that the high central concentration of the merger remnant is a consequence of a
less efficient supernovae feedback used in this work compared with literature, leading to over-
cooling, and consequently more star formation, which results in a central spike in the surface
brightness. This effect is not likely to be important in the galaxy outskirts, and therefore it
should not alter the values of the shape asymmetry. Nevertheless, in my future work, I intend
to investigate it in more detail.
In Figure 6.6, I consider the G−M20 and G−A parameter spaces, which Lotz et al. (2008)
used to constrain the timescales of the observability of merger signatures. Due to the con-
siderably higher values of G and lower values of M20 obtained in this study, compared with
that found by Lotz et al. (2008), the criteria they used to distinguish between disturbed and
undisturbed galaxies in the G−M20 and the G−A spaces do not apply here and the timescales
are compared only qualitatively. As seen in Figure 6.6, the majority (in the G0 case, all) pre-
coalescence stages can be distinguished from those following the merger in both parameter
spaces, and most of them have A ¾ 0.35. This agrees with the finding of the study by Lotz
et al. (2008), in which all considered simulations of equal-mass mergers resulted in disrupted
morphologies, quantified by A ¾ 0.35 as well as relations between G and M20, and G and A,
around the first passage and coalescence stages but not in the post-merger phase. The observ-
ability timescales of the morphological disturbance reported by Lotz et al. (2008), for galaxies
with comparable gas fraction to SDSS, range between ∼ 0.2−0.3 Gyr in G−M20, ∼ 0.3−0.4
Gyr in G − A and ∼ 0.3− 0.4 Gyr in A; however, in all cases, the structural disturbance peaks
before the coalescence of the nuclei, after which stage is generally undetectable. As shown in
this work, the tidal disturbance in the galaxy outskirts measured by AS can remain visible for at
least ∼ 0.4 Gyr after the final merger, making the shape asymmetry a more suitable estimator
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of the merger age than the structural parameters when considering the post-coalescence phase
of the interaction.
6.4 The AAS M20 volume revisited
In Section 3.3.2, I discussed how various morphological and structural properties of galaxies
can place them in different locations of the three-dimensional parameter space defined by A, AS
and M20, and how in the case of a merger, the different locations could be related to particular
stages of the interaction. Here, I address this concept again by considering the measurements
obtained for the simulated images of (post-)mergers.
In Figures 6.8 and 6.9, I investigate the distributions of the mock galaxies in the AAS M20
volume, with the different shades corresponding to different merger ages. As discussed in
Section 3.3.2, ongoing mergers approaching the coalescence (t < 0.0), with tidal features and
a double nucleus tend to have high/moderate AS , high A, and high M20. The characteristics
of galaxies in the post-coalescence merger stages is less straight forward, as the visibility of
the merger signatures becomes more dependent on the initial geometry of the interaction as
well as the viewing angle. Nevertheless, galaxies in early post-coalescence stages of a merger
(0.0 ¶ t < 0.1 Gyr) are likely to have moderate AS , moderate A and low M20 reflecting their
disturbed outskirts and not yet fully symmetric nucleus, and as they evolve through the post-
merger phase, they shift towards lower values of AS and A, as suggested previously. As ex-
pected, evolved merger remnants tend to have low AS , low A and low M20, similarly to galax-
ies with regular morphology (0.4¶ t < 0.6 Gyr). The connection between the location of the
galaxies through the AAS M20 volume and their merger age is encouraging and with an aid of
a large number of merger simulations, spanning a wide range of the interaction parameters
and various galaxy properties, it could lead to a method of estimating the merger age through
measurements of morphology and structure alone.
6.5 Implications on the merger-starburst connection
The morphological evolution of galaxies following a major merger bears resemblance to the
trends in the morphology of galaxies with spectroscopic signatures of an ageing starburst,
found in Chapters 4 and 5. More specifically, the prominence and frequency of occurrence of
tidal disturbance seen in (post-)starburst galaxies tend to decrease with time since the onset of
162
6.5. Implications on the merger-starburst connection
Figure 6.8: Top: The joint distribution of AS , A and M20 for the (post-)mergers in the coplanar geometry.
Bottom: the two-dimensional cross-sections, showing the AS−A, AS−M20 and A−M20 planes. Each plot
contains the measurements obtained for all seven viewing angles. The different colours correspond to
different stages of the interaction (see legend).
163
Chapter 6. Shape asymmetry of post-mergers in hydrodynamical simulations
Figure 6.9: Top: The joint distribution of AS , A and M20 for the (post-)mergers in the inclined geometry.
Bottom: the two-dimensional cross-sections, showing the AS−A, AS−M20 and A−M20 planes. Each plot
contains the measurements obtained for all seven viewing angles. The different colours correspond to
different stages of the interaction (see legend).
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the starburst, and a similar decline in morphological disturbance characterises the evolution
of simulated galaxies following a major merger.
In Figure 6.10 I present a quantitative comparison of the morphological evolution of (post-
)starburst and (post-)merger galaxies studied throughout this work. The figure shows the
values of the r-band shape asymmetry measured for the following galaxy samples: 1) the
evolutionary sample of bulge-dominated (post-)starburst galaxies studied in Chapter 4; 2) the
samples of young and old (post-)starburst galaxies in different mass regimes studied in Chapter
5, with the latter restricted to tSB < 0.6 Gyr ; 3) the (post-)merger samples of galaxies created
in the coplanar (blue) and inclined (orange) merger simulations, viewed from seven different
orientations. In the case of the real galaxies, I show the values of AS per galaxy as well as
the median values per 0.1-Gyr age bin calculated collectively for all samples (black squares).
For the simulated galaxies I show the median values per bin. The first and third percentiles of
the distributions within each age bin are shown by error bars and shaded regions for the real
and mock data, respectively. On the x-axis I show a common timescale that corresponds to
the age of the starburst estimated through model fitting to the spectral energy distributions of
the (post-)starburst galaxies, as well as the the time elapsed since the final merger seen in the
simulations. It can be seen that the values of AS found for the (post-)mergers produced by the
two simulations encompass the majority of those measured for the (post-)starburst galaxies
across all samples, and that the median values obtained for the total (post-)starburst samples
fall between those found for the simulated (post-)mergers.
In Figure 6.11, I compare the distribution across the age-bins of the values of AS measured
for all (post-)starburst galaxies and all (post-)mergers, along the same timescale as in Figure
6.10. The individual values of the shape asymmetry measured for the (post-)starburst and
(post-)merger galaxies are remarkably similar: they span nearly the same range and show
similar declining trends as a function of time. The features detected in the youngest (post-
)starburst galaxies show values between ∼ 0.1 and ∼ 0.6 but by ∼ 0.5 Gyr after the burst,
the majority of the galaxies have AS < 0.2. A similar trend emerges for the (post-)merger
galaxies: their values extend from ∼ 0.1 and ∼ 0.6 immediately before the coalescence, after
which stage they decline over a similar timescale as those measured for the (post-)starburst
galaxies. Although in most post-mergers the tidal features fade away after about 0.4 Gyr from
the coalescence, they can be visible for slightly longer from some viewing angles, which may
explain the observed merger signatures found in some old (post-)starburst galaxies.
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Figure 6.10: The evolution of the r-band values of AS measured for the (post-)starburst galaxies com-
pared with that of (post-)mergers in numerical simulations. The individual values of AS shown in grey
correspond to the (post-)starburst galaxies in the bulge-dominated sample (Chapter 4) and those plot-
ted in violet and yellow colour schemes represent the young and old (post-)starburst samples with
different stellar masses (Chapter 5), with the latter restricted to tSB ¶ 0.6. The median values per
0.1 Gyr, calculated for all (post-)starburst galaxies are shown in black, with first and third percentiles
shown as the error bars. Within the same age bins, the median values obtained for the post-mergers
are joined by the blue and orange solid lines, for the coplanar and inclined configuration, respectively,
each with the first and third percentiles marked by the shaded regions.
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The similarities in the observed trends in AS found for the (post-)starburst galaxies and
the (post-)mergers shows that the large variation of the morphologies of the former (rang-
ing from significant disturbance to regular appearance) can be explained at least qualitatively
by considering as little as two different major merger scenarios, characterised by extreme ge-
ometries: intrinsically symmetric coplanar encounter and inclined merger with high configura-
tional asymmetry. The most prominent tidal tails seen in many young (post-)starburst galaxies
are consistent with having originated in an intrinsically asymmetric interaction; however, the
lack of significant morphological disturbance at young starburst ages does not rule out a re-
cent major merger, so long as the initial configuration of the interacting galaxies shows little
asymmetry. This result has an important implication on the conclusions regarding the role of
major mergers in triggering bursts of star formation in local galaxies, found in previous chap-
ters. First, it confirms that the estimated fraction of post-merger candidates found among the
young (post-)starburst galaxies, ranging from ∼ 20% to ∼ 50% (depending on the selection
method and the stellar mass of the galaxies) are minimum values. Moreover, it suggests that
many of the morphologically undisturbed young (post-)starburst galaxies could have under-
gone a very recent major merger, making it likely for the obtained post-merger fractions to be
underestimated.
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Figure 6.11: The evolution of the r-band values of AS measured for the (post-)starburst galaxies
compared with that of (post-)mergers in numerical simulations. The blue data points correspond to
(post-)starburst galaxies in all samples considered in this work, with estimated starburst ages between
0.1< tSB < 0.6 Gyr, and those in light shade of brown represent the post-mergers in both coplanar and
inclined merger simulations, as seen from all seven viewing angles. The darker data points joined by
solid lines show the median values and per 0.1 Gyr, calculated for the real (blue) and mock (brown)
galaxies, with the first and third percentiles shown as error bars.
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6.6 Summary
The morphological analysis of the mock galaxy images produced by hydrodynamical merger
simulations showed that the visibility timescales of tidal disturbance, quantified by AS , in galax-
ies following a merger are longer than that measured by other indicators (see e.g. Lotz et al.
2008), and that they are dependent on the initial configuration of the interaction. In the copla-
nar encounter, such features fade away/loose their asymmetry rapidly during the final merger,
leaving almost no detectable signatures of the interaction in the post-coalescence phase. Con-
versely, an inclined merger scenario produces prominent and long lasting tidal signatures,
detectable by AS ¾ 0.2 for ∼ 0.4 Gyr after the coalescence. As expected, the prominence of
tidal features in the different post-merger stages are also largely dependent on the viewing
angles, from which the system is observed.
Comparison of the morphological properties of post-mergers with those of (post-)starburst
galaxies has revealed striking similarities in the evolution of their tidal features following the
coalescence/estimated onset of the starburst. The wide range of the post-merger morphologies
seen in the two considered simulations is sufficient to qualitatively explain the large variety of
morphologies among the (post-)starburst galaxies. The rapidly vanishing tidal features seen
in the coplanar merger simulation suggests that the estimated post-merger candidate fractions
among (post-)starburst galaxies are likely to be underestimated. Further work involving a wide
range of simulations with various initial conditions as well as cosmological simulations will
help place upper constraints on the role of major mergers in triggering bursty star formation.
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Summary of conclusions and future work
It is thought that the observed bimodality in galaxy properties could be a result of a rapid
transformation of gas-rich star-forming galaxies to devoid of gas, passively evolving systems,
following some star formation quenching event (e.g. Bell et al. 2004; Faber et al. 2007). This is
supported by the scarcity of the green valley, intermediate between the richly populated blue-
cloud and red-sequence regions in the colour-magnitude diagrams (e.g. Strateva et al. 2001;
Baldry et al. 2004) as well as the rapid growth of the red sequence compared to that of the
blue cloud between z ∼ 1 and the present time (e.g. Arnouts et al. 2007; Muzzin et al. 2013;
Moustakas et al. 2013). In this study I focused on one such plausible star-formation quenching
channel, in which galaxies evolve through a short-lived transition phase following a merger-
driven starburst. This evolutionary scenario has been considered in many studies (e.g. Arnouts
et al. 2007; Faber et al. 2007; Kaviraj et al. 2007; Martin et al. 2007; Schawinski et al. 2007;
Wild et al. 2009; Yesuf et al. 2014). Through morphological and structural image analysis of
galaxies in the (post-)starburst phase I aimed to constrain the role of gas-rich major mergers
in triggering bursty star formation in local galaxies as well as to investigate the evolutionary
pathways and ultimate fate of the (post-)starburst galaxies.
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A significant part of my study involved the development of the image analysis tools in-
cluding a new method for automated recognition of galaxies with faint tidal features and
morphological disturbance in their outskirts, pointing to a recent major merger. The method
involves computation of the shape asymmetry (AS), a modified version of the structural asym-
metry parameter, commonly used to quantify the degree of asymmetry in the light distribution
of galaxies (e.g. Conselice et al. 2000). In Chapter 3, I applied the new measure to a sample
of visually selected galaxies with various levels of morphological disturbance to show that it
represents a robust way of detecting extended faint tidal features as well as moderate distur-
bance in galaxy outskirts, which is not achievable using the pre-existing measures of galaxy
structure. Comparison with visual inspection showed that AS ¾ 0.2 provides a robust defini-
tion of a post-merger candidate. Using the new method, together with a range of structural
parameters found in the literature, I performed a morphological and structural image analysis
of galaxies with spectroscopic signatures of a recent starburst, selected from the seventh data
release of the Sloan Digital Sky Survey by means of a Principal Component Analysis (Wild
et al., 2007). In what follows, I summarise the main outcomes of my study.
7.1 Are local starbursts triggered by major mergers?
The image analysis of galaxies in the evolutionary sample of bulge-dominated (post-)starburst
galaxies, described in Chapter 4, showed that about ∼ 45% of those with young starburst ages
(tSB < 0.1 Gyr) are morphologically disturbed, as measured by AS ¾ 0.2, which suggests that
they have recently undergone a major merger. This, in general terms, agrees with the high inci-
dence of merger features found in samples of ultra luminous infrared galaxies (ULIRGs), which
are believed to host starbursts: e.g. Veilleux et al. (2002) found that all but one ULIRGs in their
sample are interacting systems, with about 50% being in the post-coalescence merger phase.
Further analysis of mass-selected samples of young (post-)starburst galaxies (Chapter 5) also
revealed notable fractions of post-merger candidates, with decreasing frequency of occurrence
with the stellar mass from ∼ 40% at 109.5 <M/M< 1010 to ∼ 20% at 1010 <M/M< 1011.
This suggests that major mergers are responsible for not less than ∼ 20% of the strong star-
bursts in massive galaxies and almost a half of those seen in low-mass local galaxies in the
local Universe. The high importance of mergers in the low-mass regime is also supported by
the fact that the young (post-)starburst galaxies with 109.5 <M/M< 1010 tend to have high
central concentration and blue bulges, which point to a centralised starburst - a consequence
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of gas-rich major mergers seen in hydrodynamical simulations (e.g. Barnes & Hernquist 1991,
1996; Mihos & Hernquist 1996; Cox et al. 2008). In fact, as discussed in Chapter 6, it is likely
that the obtained fractions of post-merger candidates among young (post-)starburst galaxies
are underestimated and that merges play an even more significant role in inducing bursty star
formation locally. The analysis of mock images of post-mergers obtained from hydrodynamical
simulations revealed a strong dependance of the timescale and prominence of visual merger
signatures on the initial geometry of the interaction, with symmetric configurations leading
to an undisturbed remnant. Furthermore, the analysis also showed that some viewing angles
may be less optimal in revealing the disturbed outskirts than others. Consequently, the lack of
morphological disturbance in some young (post-)starburst galaxies does not rule out a recent
major merger and the obtained fractions of post-merger candidates should be interpreted as
minimum estimates.
7.2 Are (post-)starburst galaxies pathways to the red sequence?
The structural analysis of the bulge-dominated sample of local (post-)starburst galaxies with
starburst ages between 0.1 and 0.6 Gyr revealed little evolution in their central concentration
of light with time from the onset of the starburst and moderate levels of central concentration
found in the oldest (post-)starburst in the sample. This suggests that local (post-)starburst
galaxies do not attain the highly-concentrated structure characteristic of the red-sequence
galaxies during the first 0.6 Gyr after the starburst. As discussed in Chapter 5, the analy-
sis of further samples of old (post-)starburst galaxies with 109.5 <M/M < 1010.5 lead to a
similar conclusion, with the structure of (post-)starburst galaxies bearing closer resemblance
to the blue star-forming rather than passive red galaxies. This agrees with the results of re-
cent studies by Zwaan et al. (2013), Rowlands et al. (2015) and French et al. (2015), who
found residual gas in (post-)starburst galaxies, suggesting that they are not in a fully quenched
state. However, I arrived at a rather contradictory conclusion when considering a more mas-
sive galaxy sample. I found that the central concentration of (post-)starburst galaxies with
0.5< tSB < 1.5 and 10
10.5 <M/M< 1011 is generally comparable with the values typical for
the passive galaxies, suggesting that they are likely in transition onto the red sequence. This
could mean that the high-mass (post- )starburst galaxies are further along the evolutionary
path between the blue and red populations, than the low-mass (post-)starburst galaxies, pos-
sibly as a consequence of a mixed scenario with both major and minor mergers at play where
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the galaxies are being gradually moved along the (post-)starburst sequence.
Another interesting finding of this study is an emergence of two structurally different pop-
ulations of old post-starburst galaxies in the local Universe: those with completely quenched
star-formation with central concentration at least as high as the red sequence galaxies and the
more common emission-line post-starbursts with somewhat more moderate central concentra-
tion. A possible interpretation of this bimodality is that the quenched post-starburst galaxies
are remnants of a catastrophic event, like a major merger, leading to a fast quenching and con-
siderable structural transformation and the second type has originated in a less catastrophic
event, perhaps a minor merger, resulting in a more gradual truncation of the star-formation
rate and less extreme structural change.
7.3 Future work
There are many directions in which the work on the nature of (post-)starburst galaxies could
be taken further. A natural next step for automated analysis is to extend it to larger samples of
post-starburst galaxies. Unfortunately, in the local Universe these systems are extremely rare;
however, with the development of new spectroscopic surveys, such as The DESI Experiment
(Levi et al., 2013) designed to obtain spectra of millions of galaxies, selection of larger samples
of post-starburst galaxies may become possible.
In the more immediate future, I intend to extend this work to earlier epochs, where the
post-starburst galaxies appear more frequently compared with the local environment. First
results of the application of the shape asymmetry to higher−z galaxies look promising. Figure
7.1 shows the detection masks along with the shape asymmetry values computed for four
galaxies at redshifts between 0.5< z < 0.8 selected by Josh Argyle (University of St Andrews)
from the COSMOS field of the CANDELS Survey (Grogin et al., 2011; Koekemoer et al., 2011),
imaged with the Wide Field Camera of the Hubble Space Telescope (HST WFC3) in the F125W
and F160W filters, with the resolution of 0.064 arc second per pixel. I created the detection
mask using the same algorithm and detection threshold (described in Section 2.2.1) as that
used throughout this work in the analysis of the morphology of local galaxies. It appears that
the masks reflect the shape of the high redshift galaxies well; however, further investigation
involving an extended sample is required to draw final conclusions.
Another goal of my future work is to perform a more extended analysis of post-mergers
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to a large suite of hydrodynamical simulations with wide range of initial conditions, including
different interaction geometries as well as varying structures and mass ratios of the interacting
galaxies and to consider mock images that include the effect of the attenuation of light by
dust. Through such analysis, I will aim to constrain the visibility timescales of the faint merger
signatures in galaxy outskirts in the different merger scenarios.
Finally, I would like to investigate other applications of the shape asymmetry. Preliminary
analysis suggests that the parameter could prove useful in the following areas:
• Measuring the morphological asymmetry of quasar host galaxies:
Major mergers are thought to be a plausible candidate for fuelling the most luminous
quasars (e.g. Hopkins & Hernquist 2009). Using the shape asymmetry to constrain the
frequency of occurrence of tidal features in quasar host galaxies could help verify that
claim. In Figure 7.2, I present examples of point-source subtracted images of quasar host
galaxies from the ROSAT SDSS sample at z = 0.5−0.7 (Anderson et al. 2007, Villforth et
al. in prep) along with the corresponding detection masks and values of AS . The galaxies
were imaged by the HST WFC3 camera in the F160W passband and the subtraction of
point sources was done by Dr C. Villforth (University of Bath). The detection masks were
computed by following the procedure outlined in Chapter 2.2.1, with no alterations to
the detection threshold. As shown in the Figure, the shape asymmetry computed in that
way provides a method for selecting faint features in the outskirts of quasar host galaxies
(see Villforth et al. in prep).
• Quantifying internal galaxy structure with shape asymmetry profiles
As described in Section 3.3.4, the measurement of AS is dependent on the image limiting
magnitude. This property of the parameter can be used to reveal information about the
internal galaxy structure when considering the shape asymmetry profiles. By measuring
the shape asymmetry for binary masks computed using a range of increasing detection
thresholds, one can trace how the shape of the galaxy substructures changes when mov-
ing to subsequently smaller scales, determined by the galaxy light distribution. By con-
sidering the rotation about 90o as well as 180o, information about the elongation of the
internal structures can be revealed, which may potentially lead to a new method for the
detection of galactic bars. This is demonstrated in Figure 7.3, which shows the detec-
tion masks computed using different thresholds and the corresponding shape asymmetry
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profiles (using AS(180) and AS(90)) for six galaxies in the morphologically selected sample
studied in Chapter 3 as well as an additional galaxy hosting a prominent bar (NGC0175,
from Méndez-Abreu et al. 2014). Based on the preliminary analysis of the test galaxies:
regular morphologies (galaxies in rows 3 and 4) are characterised by flat AS(180) and
AS(90) profiles; decreasing AS(180) and AS(90) profiles point to a post-merger with tidal
features surrounding a symmetric nucleus (row 2); a flat or increasing trend in AS(180)
and AS(90) suggest an ongoing merger with a double nucleus (row 1); a flat AS(180) com-
bined with an increasing AS(90) profile is a characteristic of a barred galaxy (row 5). This
method is still under investigation and the next step will involve application to a large
sample of galaxies with various structural properties, including barred galaxies.
Figure 7.1: HST F125W and F160W images of galaxies at 0.5 < z < 0.8 selected from the COSMOS
field by Josh Argyle (University of St Andrews), along with the corresponding detection masks with
displayed values of the shape asymmetry (AS) and the structural asymmetry (A).
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Obj4339 Obj1345
Figure 7.2: HST WFC3 images in the F160W passband of four quasar host galaxies (Anderson et al.
2007, Villforth et al. in prep) with the corresponding binary detection masks and the measured values
of the shape asymmetry (AS).
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Figure 7.3: Computation of the shape asymmetry profiles by means of detection masks obtained with
increasing detection thresholds, for galaxies with different structural properties. The first vertical panel
shows the r-band SDSS images, the following five the detection masks computed at 1σ, 2σ, 3σ, 5σ
and 10σ above the sky background level. The last two panels show the obtained profiles of AS(180) and
AS(90).
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Detecting bars in (post-)starburst galaxies
Supplementary information for the work presented in Chapter 5 (see discussion on alternative
starburst triggering mechanisms in Section 5.4.1). A comparison of the sizes of young (post-
)starburst galaxies in different mass regimes with the minimum bar-length needed for the
detection of bars in the SDSS r-band.
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Appendix A. Detecting bars in (post-)starburst galaxies
In their study of local barred galaxies, Aguerri et al. (2009) found that the smallest bars
they detected in the SDSS r-band images have length of ∼ 9 pixels (∼ 3.5 arcsec) and that
the ratios of bar length (rb) to the host galaxy size (defined by 2 times the SDSS Petrosian
radius, rp) for their sample extends from ∼ 0.1 to ∼ 1.2. − 1.3 (with a median around 0.3-
0.5; see Figure 7 in Aguerri et al. (2009)), depending on galaxy type and the bar detection
method used. Considering the same definition of the galaxy size, the galaxies in the young
(post-)starburst samples (see Chapter 5 for selection criteria and analysis) are not smaller than
2rp ∼ 5 arcsec, and given the lower limit of bar length quoted above, the minimum bar-to-
galaxy size ratio required for the detection of a bar in the most compact galaxy within the young
(post-)starburst samples is ∼ 0.7. Such bar-to-galaxy size ratio is not uncommon, as found by
Aguerri et al. (2009)1. This implies that the bars should be detectable even in the most compact
galaxies in the (post-)starburst samples and, therefore, the results presented in Section 5.4.1
are not due to biases in visual classification. In Figure A.1 I show the distributions of the
minimum bar-to-galaxy size ratios found for all starburst galaxies in different mass regimes.
Figure A.1: The distribution of the ratios of the minimum bar-length required for bar detec-
tion to the galaxy size (defined by 2rp), as measured in the SDSS r-band for the morpholog-
ically undisturbed young (post-)starburst galaxies (AS<0.2) studied in Chapter 5.
1It should be noted that Aguerri et al. (2009) use automated methods for detecting bars; however, they find that
their results are in a good agreement with those found through visual image inspection.
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